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Abstract
The aim of this dissertation was to investigate the potential for building ground energy 
systems (BGESs) in the UK by analysing key country specific attributes. More recently 
these systems have been presented in the UK as having the ability to reduce carbon 
emissions in comparison to conventional heating and cooling plant. Due to the essential 
transition to a low carbon economy, this was the main driver and motivation to conduct the 
research in this field.
An initial distinction was made between closed and open loop systems. The former system 
type utilises a network of pipes installed in the ground to abstract and reject heat via a 
circulating fluid. Using existing well technology, open loop systems abstract and discharge 
groundwater whereby the heat transfer between the ground and building effectively occurs 
within the building via a heat exchanger. Both technology approaches are relevant in the 
UK where the temperate climate provides a thermodynamic advantage for heat rejection 
and abstraction from a building, i.e. to aid cooling and heating respectively. A reversible 
heat pump unit is commonly used in non-domestic installations to allow the prevailing 
temperature from the ground side system to be reduced or increased accordingly.
The research project was split into three main themes. Firstly, a technology specific spatial 
review of the geology, hydrogeology and climatic effects throughout the UK was 
conducted using a GIS software package. Secondly, a design phase analysis concentrated 
on the impact of climate change by applying different weather files to thermal models, 
different carbon factor projections for electricity, part load sizing, energy prices and the 
marginal cost of carbon abatement over the lifetime of the system. Finally, an operational 
phase analysis concentrated on the actual performance of four existing systems monitored 
over a 12 month period. Four different case study buildings were used for the design phase 
analysis, and a different set of four building for the operational phase analysis.
Using referenced values for the thermal properties of the geology, the resulting heat 
exchanger length for vertical closed loop systems is primarily led by the respective heating 
and cooling loads. For the same building type this varied significantly in the three different 
UK climate types. Following this the thermal conductivity and starting borehole 
temperature was also shown to make significant differences. For horizontal closed loop 
systems the heat exchanger length is again led by the building location. The lead ground 
related parameter is the saturation of the ground as this is likely to vary considerably from 
location to location. A high thermal conductivity is not necessarily beneficial as this can 
increase the alignment with the prevailing air temperature and reduce the thermodynamic 
advantage. There is limited potential for open loop systems due to availability of 
productive aquifers. The yield analysis showed very large ranges in yield and hence the 
peak heating and cooling capacity from a single well. This was true when analysing 
particular aquifer zones and also when comparing sub regions o f different aquifer types.
The percentage change in peak heating and cooling capacity and annual demand due to 
climate change was very significant for all the four buildings analysed. The use o f dynamic
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carbon dioxide projections in comparison to static factors currently stated in government 
publications also highlighted significant variations in projected carbon dioxide savings for 
a BGES over a 20 year period. The bivalent energy and economic assessment underlined 
the difference in marginal utilisation and cost effectiveness by varying the size of the 
BGES relative to the peak load. As the utilisation reduced the cost effectiveness also 
reduced. These results were translated through to huge variances in the marginal cost of 
carbon abatement.
The operational monitoring results showed that existing BGESs are not performing 
according to efficiencies quoted by manufacturers. This sometimes led to marginal or 
negative carbon reduction and operational cost savings versus conventional plant. The poor 
performance was linked to the commissioned flow rates through the heat pump, buffer tank 
sizing, the heating distribution installation, maintenance and servicing frequency, 
insufficient owner knowledge and part load efficiency of heat pump plant.
The main contributions to knowledge can be related to each core theme and are 
summarised as follows:
© GIS has been used for the first time to spatially review the potential for closed and 
open loop BGESs allowing for a range of parameters to be estimated and analysed 
in the UK. The need for in-situ testing for both closed and open loop systems has 
been underlined due to the variable nature of key geological and hydrogeological 
parameters. These cannot currently be estimated to a reasonable level o f accuracy 
using published references for commonly used geological descriptors.
© During the design stage the key UK specific influences include climate changes, 
decarbonising of the UK electricity grid, gas and electricity prices and sizing 
methodology. These parameters significantly affect the marginal cost of carbon 
abatement and it is therefore strongly recommended that such variations are 
additionally considered during the design stage.
© Existing systems have been found to be not performing to their anticipated
potential. There is now the need to publish further design guidance and standards to 
ensure that systems are installed and operated to acceptable efficiencies. If this does 
not occur BGESs could emit more carbon and cost more to run than conventional 
heating and cooling plant.
© Finally, an overall methodology and framework for the analysis of BGESs in the 
UK has been presented and tested on three analytical platforms.
The further work suggested is linked to improving the level and accuracy o f desktop data 
available for the geological and hydrogeological analysis. Additionally, design guidance 
should specify that key design stage considerations and methods are specified and aligned 
to the standardised building work programme in the UK. Relevant international standards 
should also be updated to ensure that systems do provide quoted carbon and energy 
savings.
James Dickinson Final Dissertation
Acknowledgements
Throughout the research project various people and organisations have provided invaluable 
support, either through time to discuss ongoing ideas or simply to pass on relevant 
information.
At the early stages of the project, during the initial literature review, Professor Goran 
Hellstrom of Lund University and Aart Snijders of IF Tech International were particularly 
helpful in providing sources of information and to highlight key research themes that had 
historically been covered. Professor Jeff Spitler of Oklahoma State University was also 
very generous in providing a copy of GLHEPro to use for research purposes and also 
providing some initial guidance.
My colleagues at Buro Happold have provided fantastic opportunities to work on projects 
and to engage with design teams both internally and externally. These are too numerous to 
mention here but I will thank them in person if  not already.
Throughout the research programme my supervisors have provided patient and pragmatic 
support. Dr Andrew Cripps has always managed to simplify and rationalise aspects of my 
research which had become unnecessarily complex. I also thank him for helping facilitate 
the Eng D at Buro Happold and providing financial support throughout. Dr Marcus 
Matthews has always been extremely patient and spent a lot of time trying to improve my 
geological and hydrogeological knowledge so I felt more confident in this aspect of the 
research topic. Professor Tim Jackson provided invaluable strategic advice and focus when 
most needed. I also have to thank him for spending significant time prior to the 
commencement of the course to organise a suitable placement in my preferred research 
area.
Many thanks should also go to my friends and family. Both have had to put up with 
endless one way discussions about ground energy systems over the last four years. I 
promise I will make it up to you in beer and kind, respectively.
The greatest thanks, however, should go to my wife, Charlotte, who has undoubtedly 
offered the most selfless help when I have been the most stressed and consumed by writing 
in the last 12 months of research. I owe her, and I’m sure she will remind me of this in 
future years!
James Dickinson Final Dissertation
Contents
Executive Summary......................................................................................................................... i
1 Introduction.............................................................................................................................. 1
1.1 Climate Change and Fossil Fuels...................................................................................1
1.2 Building Ground Energy Systems..................................................................................1
1.3 Dissertation Structure......................................................................................................3
2 Background Literature Review..............................................................................................5
2.1 Energy Use and Carbon Dioxide Emissions................................................................ 5
2.2 The Royal Commission Report and the Development o f UK Legislation..............7
2.3 Energy in Buildings........................................................................................................ 9
2.4 BGESs: Variations and Configurations......................................................................12
2.5 BGESs in the U K .................................................................................  16
2.6 Chapter Summary.......................................................................................................... 22
3 Building Ground Energy Systems’ Literature Review .....................................................24
3.1 Geology, Hydrogeology and Building Ground Energy Systems............................ 24
3.2 Key Aspects in the BGES Design Process................................................................. 52
3.3 Operational Case Study Literature Review................................................................ 62
3.4 Chapter Summary and Implications to Research.......................................................64
4 Research Aims and Overview of Methodology................................................................. 69
4.1 Overview o f Geological and Hydrogeological Spatial Review ...............................69
4.2 Overview o f Design Case Studies................................................................................70
4.3 Overview of Operational Case Studies....................................................................... 70
4.4 Summary......................................................................................................................... 71
5 Geology and Hydrogeology Spatial Review Study...........................................................72
5.1 Chapter Introduction......................................................................................................72
5.2 Spatial Review Study M ethodology............................................................................72
5.3 Spatial Review Study Results...................................     78
5.4 Spatial Review Study Discussion.............................................................................. 108
6 Design Case Studies............................................................................................................. I l l
6 .1 Chapter Introduction.................................................................................................... I l l
6.2 Design Case Study Methodology............................................................................... 112
James Dickinson Final Dissertation
6.3 Overview of Design Case Studies............................................................................ 124
6.4 Design Case Study R esults....................................................................................... 128
6.5 Design Case Study Discussion..................................................................................147
7 Operational Case Studies................................................................................................... 153
7.1 Chapter Introduction.................................................................................................. 153
7.2 Operational Case Study Methodology.....................................................................154
7.3 Overview o f Operational Case Studies....................................................................167
7.4 Operational Case Study 1, Small Office: Results.................................................175
7.5 Operational Case Study 2, Transport Hub and Educational Facility: Results... 185
7.6 Operational Case Study 3, School: Results............................................................ 195
7.7 Operational Case Study 4 Results........................................................................... 200
7.8 Operational Case Study Discussion........................................................................209
8 Main Findings, Contributions to Knowledge and Further W ork..........................  214
8 .1 Introduction................................................................................................................. 214
8.2 Main Findings.............................................................................................................214
8.3 Contributions to Knowledge..................................................................................... 221
8.4 Further W ork............................................................................................................... 223
8.5 Chapter Summary........................................................................................................224
9 References............................................................................................................................ 225
James Dickinson Final Dissertation
List of Figures
Figure 1 Breakdown of Building Ground Energy Systems.......................................................2
Figure 2 Structure of Dissertation................................................................................................. 4
Figure 3 Growth of Global Energy Use 1900-1997 (RCEP, 2000).......................................... 6
Figure 4 Sources of Electricity (BERR, 2008a)...........................................................................6
Figure 5 Non Domestic Buildings' Carbon Dioxide Emissions from Energy Use in 2000 
(CIBSE, 2004c)..............................................................................................................................10
Figure 6 Variation in Ground Temperature in Central Europe [Viessmann 2005]............... 13
Figure 7 Typical Mono-directional Open Loop Well System.................................................14
Figure 8 Ideal Carnot Efficiency versus Laboratory Tested Efficiency of Actual Heat Pump 
Units (IoR, 2000) ..........................................................................................................................16
Figure 9 Map of surface geology throughout the UK (Jackson, 2004b).................................18
Figure 10 Changing mean temperatures at different locations in the UK from 1914-2006 
(Jenkins et al., 2007).....................................................................................................................21
Figure 11 Increase in annual mean temperature 1961 to 2006 (Jenkins et al., 2007)............22
Figure 12 Variance of thermal conductivity of plutonic rocks according to quartz content 
(Clauser, 2007)............................................................................................................................... 28
Figure 13 Variance in thermal conductivity according to porosity in volcanic rocks 
(Clauser, 2007)...............................................................................................................................28
Figure 14 Thermal conductivity for different bedrock types (VDI, 2000)............................ 29
Figure 15 Thermal conductivity for superficial deposits (VDI, 2000)...................................30
Figure 16 Volumetric Heat Capacity for main bedrocks (VDI, 2000)...................................31
Figure 17 Volumetric heat capacity for superficial deposits (VDI, 2000)............................. 31
Figure 18 Vertical Borehole Resistance, Probable Reality and Ideal.....................................32
Figure 19 Example Fluctuation in ground temperature with depth........................................ 34
Figure 20 Map o f underground heat flow throughout the UK (Jackson, 2004b).................. 36
Figure 21 Map o f superficial deposit thickness throughout the UK (Jackson, 2004b)........ 41
Figure 22 Map of main bedrock types throughout the UK (Jackson, 2004b)........................42
Figure 23 Unconsolidated and Intergranular Aquifer System .................................................44
Figure 24 Consolidated Fissured Bedrock Aquifer System..................................................... 44
Figure 25 Well Drawdown........................................................................................................... 45
Figure 26 Compound Drawdown.................................................................................................45
James Dickinson Final Dissertation
Figure 27 Kazmann and Whitehead (K&W) Well Spacing for a Porosity o f 20% and 
15.4m(50ft) thick aquifer, with additional Kavanaugh and Rafferty (K&R) Extrapolation49
Figure 28 Hydrogeology in the UK (Jackson, 2004b)............................................................. 51
Figure 29 Historical Carbon Dioxide Intensity of Electricity in the UK (MTP, 2007;
BERR, 2008a)................................................................................................................................54
Figure 30 Historical Retail Price Indices: Gas versus Electricity, 1990=100 (BERR, 2008c)
..........................................................................................................................................................59
Figure 31 Savings curve for CO2 Abatement Options (Jackson, 1991)...................................61
Figure 32 Steady test required for measuring the performance of a heat pump (BS EN, 
2007c)..............................................................................................................................................64
Figure 33 Overview of Main Chapters and Methodology.......................................................71
Figure 34 Geology and hydrogeology spatial review outline methodology..........................73
Figure 35 Simplified lithology for geology spatial review......................................................75
Figure 36 Surface geology by area in the UK............................................................................79
Figure 37 Range of thickness of superficial deposits in Great B ritain ...................................80
Figure 38 Spatial analysis of bedrock in the U K ...................................................................... 81
Figure 39 Heat flow by area in the U K .......................................................................................82
Figure 40 Region of estimated highest thermal gradient in the south west of the UK 
(Jackson, 2004a; BGS, 2008a).....................................................................................................83
Figure 41 Location of estimated lowest thermal gradient in the north east of the UK 
(Jackson, 2004a; BGS, 2008a).....................................................................................................84
Figure 42 Temperature study results, a) cumulative length; and, b) GLHE array footprint 87
Figure 43 Bedrock study results, GLHE Cumulative length...................................................88
Figure 44 Bedrock study results, array footprint...................................................................... 89
Figure 45 CT1: Ground temperatures at 1, 1.5 and 2m below ground level..........................91
Figure 46 CT2: Ground Temperatures at 1,1.5 and 2m below ground level........................92
Figure 47 CT3: Ground Temperatures at 1, 1.5 and 2m below ground level........................92
Figure 48 Adjustment o f trench depth to get the same winter ground temperature for CT1, 
CT2 and CT3..................................................................................................................................93
Figure 49 Comparison of fluctuation in temperature at 1.5mbgl between 2 bedrocks and an
unsaturated superficial deposit..................................................................................................... 97
Figure 50 Hydrogeology of the UK by area............................................................................... 98
Figure 51 Identification map of productive aquifers, region and aquifer properties reference 
........................................................................    99
James Dickinson Final Dissertation
Figure 52 UK Aquifer Well Yield Assessment, using Logans Approximation and 10m 
drawdown......................................................................................................................................101
Figure 53 UK Well Peak Heating and Cooling Capacity...................................................... 104
Figure 54 Open loop project analysis 1: abstraction rates required for peak heating, cooling 
and average for dominant heating period.................................................................................107
Figure 55 Open loop project analysis 1: Well Spacing.....................   107
Figure 56 Design case study outline methodology................................................................ 112
Figure 57 Simplified Bivalent Load Breakdown....................................................................118
Figure 58 Bivalent Schematic................................................................................................... 118
Figure 59 Building 2: Academy Climate Change Impacts a) Peak Heating and Cooling; b) 
Annual Heating and Cooling Energy........................................................................................128
Figure 60 Building 4 :College Climate Change Impacts a) Peak Heating and Cooling; b) 
Annual Heating and Cooling Energy........................................................................................129
Figure 61 Electricity carbon dioxide emissions scenarios to 2030....................................... 132
Figure 62 Minimum COP required for carbon dioxide savings versus gas heating plant .134
Figure 63 Carbon Reduction Projections 20 Years for each design case study a) Museum; 
b) Academy; c) Theatre; d) College.......................................................................................... 135
Figure 64 Building 3: Theatre a) GSHP Energy Generation vs. Increasing GSHP Capacity; 
b) Cumulative GLHE Length vs GSHP Capacity................................................................... 137
Figure 65 Building 4: College a) GSHP Energy Generation vs. Increasing GSHP Capacity; 
b) Yield versus Thermal Capacity..............................................................................................139
Figure 66  Gas price projections to 2030 (baseline=2008)..................................................... 141
Figure 67 Electricity price projections (baseline=2008).........................................................141
Figure 68 Projected minimum COPs for operational economic saving versus gas heating to 
2030 (baseline=2008)................................................................................................   142
Figure 69 Building 1: Museum, a) Total Installation Costs; b) Net Present Cost (BGES) -  
Net Present Cost (Conv.)............................................................................................................143
Figure 70 Building 4: College, a) Total Installation Costs; b) Net Present Cost (BGES) -  
Net Present Cost (C onv.)............................................................................................................144
Figure 71 Building 2 Academy: Cost Effectiveness Carbon Abatement Curve................. 146
Figure 72 Building 4 College: Cost Effectiveness Carbon Abatement Curve.....................146
Figure 73 Operational Case Study Methodology Overview.................................................. 154
Figure 74 Base Monitoring schematic for Operational Case Studies 1 to 3 ........................ 156
Figure 75 Operational Building 4: Heating Mode Monitoring..............................................159
James Dickinson Final Dissertation
Figure 76 Operational Building 4: Cooling Mode Monitoring............................................. 160
Figure 77 Organisation o f operational case study results...................................................... 166
Figure 78 Building 1: Space heating versus actual and 20 year average degree days....... 176
Figure 79 Building 1: Average monthly EST and LST from GLHE....................................177
Figure 80 Building 1: Data Profile -October 3rd 2007...........................................................178
Figure 81 Building 1: Comparison versus Manufacturer’s Data (1) - COP versus Entry 
Source Temperature -  October 3rd 2007................................................................................. 179
Figure 82 Building 1: Comparison versus Manufacturer’s Data (2) - Space Heating 
Generation and Electricity versus Entry Source Temperature -  October 3rd 2007............179
Figure 83 Building 1: Data Profile -  February 29th 2008..................................................... 180
Figure 84 Building 1: Comparison versus Manufacturer’s Data (1) - COP versus Entry 
Source Temperature -  February 29th 2008.............................................................................. 180
Figure 85 Building 1: Comparison versus Manufacturer’s Data (2) - Space Heating 
Generation and Electricity versus Entry Source Temperature -  February 29th 2008....... 181
Figure 86  Building 1: Data Profile -  September 15th 2008 ..................................................182
Figure 87 Building 1: Comparison versus Manufacturer’s Data (1) - COP versus Entry 
Source Temperature -  September 15th 2007...........................................................................182
Figure 88 Building 1: Comparison versus Manufacturer’s Data (2) - Space Heating 
Generation and Electricity versus Entry Source Temperature -  September 15th 2007.....183
Figure 89 Building 1: Operational fuel costs - GSHP Actual and anticipated vs. 
conventional system.................................................................................................................... 184
Figure 90 Building 1: Operational CO2 - GSHP Actual and anticipated vs. conventional 
system............................................................................................................................................185
Figure 91 Building 2: Space heating versus actual and 20 year average degree days for East 
Anglia  ................................................................................................................................ 187
Figure 92 Building 2: Average monthly EST and LST from GLHE....................................188
Figure 93 Building 2: Data Profile - 1 1th September 2007................................................... 189
Figure 94 Building 2: Comparison versus Manufacturer’s Data (1) - COP versus Entry 
Source Temperature - 1 1th September 2007............................................................................ 190
Figure 95 Building 2: Comparison versus Manufacturer’s Data (2) - Space Heating 
Generation and Electricity versus Entry Source Temperature - 1 1th September 2007 .......191
Figure 96 Building 2: Data Profile - 27th February 2008...................................................... 192
Figure 97 Building 2: Comparison versus Manufacturer’s Data (1) - COP versus Entry 
Source Temperature - 27th February 2008 .............................................................................. 193
James Dickinson Final Dissertation
Figure 98 Building 2: Comparison versus Manufacturer’s Data (2) - Space Heating 
Generation and Electricity versus Entry Source Temperature - 27th February 2008........ 193
Figure 99 Building 2: Operational fuel costs - GSHP Actual and anticipated vs. 
conventional system.................................................................................................................... 194
Figure 100 Building 2: Operational CO2 - GSHP Actual and anticipated vs. conventional 
system............................................................................................................................................ 195
Figure 101 Building 3: HP 1 Data Profile -  3rd December 2007......................................... 197
Figure 102 Building 3: HP2 Data Profile -  3rd December 2007.......................................... 198
Figure 103 Building 3: Combined Data Profile -  3rd December 2007 ............................... 198
Figure 104 Building 3: Combined (HP1 +HP2) - Comparison versus Manufacturer’s Data
(1) - COP versus Entry Source Temperature -  December 3rd 2007.....................................199
Figure 105 Building 3: Combined (HP1 + HP2) - Comparison versus Manufacturer’s Data
(2) - Space Heating Generation and Electricity versus Entry Source Temperature -  
December 3rd 2007.................................   199
Figure 106 Building 4: 2007 Monthly Heating and Cooling Loads................................... 200
Figure 107 Building 4: Heating mode electricity breakdown -  kWh, % ............................201
Figure 108 Building 4: Monthly warm and cold well abstraction and discharge
temperatures.................................................................................................................................202
Figure 109 Building 4: Peak heating condenser temperatures and power profile - 25th 
January 2007................................................................................................................................203
Figure 110 Building 4: Peak heating groundwater flow rate and well abstraction and 
discharge temperatures............................................................................................................... 203
Figure 111 Building 4: Peak heating COP profile 25th January 2007................................ 204
Figure 112 Building 4: Peak cooling temperature and power profile 8th June 20 0 7 .......205
Figure 113 Building 4: Peak cooling groundwater flow rate and well abstraction and
discharge temperature................................................................................................................ 206
Figure 114 Building 4: Peak cooling COP profile 8th June 2007 .......................................206
Figure 115 Building 4: Operational fuel costs - GSHP Actual vs. conventional system...208
Figure 116 Building 4: Operational CO2 - GSHP Actual vs. conventional system .......... 208
James Dickinson Final Dissertation
List of Tables
Table 1 Example thermal conductivities of common minerals............................................... 27
Table 2 Average annual air temperature throughout the UK (Met. Office, 2008)...............33
Table 3 GLHEPro Input Parameters for Temperature and Geology Project Analysis........ 86
Table 4 Summary of borehole temperature study parameters......................... 86
Table 5 Summary of bedrock study parameters........................................................................ 88
Table 6 Suggested worst and best case combinations for a vertical closed loop system in 
the U K .............................................................................................................................................90
Table 7 Input parameters for temperature amplitude analysis................................................ 91
Table 8 GS2000 Input parameters for temperature and geology analysis.............................93
Table 9 Horizontal closed loop: temperature analysis............................................................. 94
Table 10 Horizontal closed loop: geology analysis..................................................................96
Table 11 Open loop project analysis 1: Summary of heating and cooling loads and aquifer 
parameters.................................................................................................................................... 106
Table 12 Summary of incremental CO2 intensities by Bettle et al (2006)........................... 115
Table 13: Electricity Carbon Dioxide Emission Scenarios.................................................... 115
Table 14 Generic Input Parameters for Closed and Open Loop Calculations.....................119
Table 15 Summary table of input parameters for NPC analysis........................................... 122
Table 16 Climate Change Impacts on Design Case Studies Peak Capacity and Annual Load 
........................................................................................................................................................130
Table 17 Average CO2 emissions for two 20 year periods...................................................133
Table 18 Unit price increases for gas and electricity (baseline=2008)............................... 140
Table 19 Operational Buildings 1 to 3: Monitoring Equipment Specification.................. 158
Table 20 Operational Building 4: Monitoring Equipment Specification............................ 161
Table 21 Building 1: Results Summary...............................  175
Table 22 Building 1: Flow rate measurements........................................................................177
Table 23 Building 1: 2007/08 Conventional system energy summary.................................183
Table 24 Building 2: Results Summary....................................................................................187
Table 25 Building 2: Flow rate measurements........................................................................188
Table 26 Operational Building 3: Flow rate measurements................................................... 196
Table 27 Building 4: Summary of results................................................................................ 200
Table 28 Building 4: 2007 Conventional system energy summary......................................207
James Dickinson Final Dissertation
Glossary of Terms
ATES Aquifer Thermal Energy Storage
AW Abstraction Well
BGES Building Ground Energy System
BGS British Geological Survey
BR Building Regulations
BRE Building Research Establishment
CHP Combined Heat and Power
CIBSE Chartered Institution o f Building Services Engineers
CLG Communities and Local Government
COP Coefficient o f Performance
CT Climate Type
BERR Department o f Business, Enterprise and Regulatory Reform
DEFRA Department o f the Environment, Fisheries and Rural Affairs
DHW Geothermal Heat Pump
DR Discount Rate
DTI Department o f Trade and Industry (now known as BERR)
EA Environment Agency
EC Electric Chiller
EED Earth Energy Designer
ELT Entry Load Temperature
EPBD Energy Performance o f Buildings Directive
EST Entry Source Temperature
EWT Entry Water Temperature
GA GSHP Actual, as in performance or efficiency
GB Gas Boiler
GHG Green House Gases
GHP Geothermal Heat Pumps
GLHE Ground Loop Heat Exchanger
GM GSHP Manufacturer, as in quoted performance or efficiency in manufacturers literature
GSHP Ground Source Heat Pump
GWHP Ground Water Heat Pump
HP Heat Pump
IEA International Energy Agency
IGA Institute o f Geological Sciences
IPCC Intergovernmental Panel on Climate Change
LLT Load Leaving Temperature
MACC Marginal Abatement Cost Curve
MCCA Marginal Cost o f Carbon Abatement
NIEA Northern Ireland Environment Agency
NPC Net Present Cost
NPV Net Present Value
ODPM Office o f the Deputy Prime Minister
PE Polyethylene
RCEP Royal Commission o f Environmental Pollution
RPI Retail Price Indicies
SEPA Scottish Environmental Protection Agency
SH Space Heating
SPF Seasonal Performance Factor
TRT Thermal Response Test
TRY Test Reference Year
UKCIP United Kingdom Climate Impact Programme
UPS Uninterruptable Power Supply
VDI Institution of German Engineers
James Dickinson Final Dissertation
Executive Summary
There is now an undeniable consensus that anthropogenic activities are causing global 
warming and as a consequence, tangible climatic change effects throughout the world. The 
most significant greenhouse gas emitted in the UK is carbon dioxide. This is largely 
released into the atmosphere as a consequence of burning fossil fuels for different end 
uses. In the UK, approximately 50% of carbon dioxide emissions can be attributed to either 
domestic or non-domestic buildings. In the majority of non domestic buildings, the 
dominant energy consumer is the space heating and cooling system. Due to the extensive 
gas infrastructure in the UK, largely bom out of the historically cheap availability o f North 
Sea reserves, space heating is dominated by gas fired plant. Space cooling is generally 
provided by electric chilling plant.
There are a number of emerging alternative technologies and approaches that can help to 
reduce energy use in buildings either by displacement of conventional plant or through 
passive building design philosophies. One such technology uses the subsurface of the 
ground and/or groundwater as a heat source and sink for heating and cooling. Such systems 
come in different forms but can be broadly split into two main configuration types, closed 
and open loop systems. Both are considered in the context of the UK in this dissertation.
The technology utilises heat pump plant or conventional chilling equipment to upgrade the 
energy potential in the ground, hence the common use of technology descriptors such as 
ground source heat pumps (GSHPs), ground water heat pumps (GWHPs) and geothermal 
heat pumps (GHPs). The term building ground energy systems (BGESs) is preferred 
throughout this dissertation to cover both closed and open loop approaches and to limit the 
considered application to buildings. This is apposed to alternative applications for other 
uses such as, for example, swimming pools and greenhouses.
In summary, the overall aim of the research was to investigate the potential of BGESs in 
the UK by analysing key country specific attributes; the main backdrop of the research 
being the need to reduce carbon emissions from buildings.
The key objectives of the dissertation were:
1 . to complete a geological, hydrogeological and climatic spatial review o f the 
potential for building ground energy systems (BGESs) in the UK; and
2. to analyse the impact of a series of UK specific influences and sizing techniques 
______ during the design stage using host company projects; and______________________
i
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3. to analyse the performance of a number of existing operational case studies in the 
UK or in similar climates.
The literature review was split up according to the three key objectives.
From the geological and hydrological review it was made clear that significant research 
had previously been completed in other countries for both closed and open loop systems:
© For closed loop systems a good understanding seemed to be evident regarding the 
main ground parameters, i.e. thermal conductivity, volumetric heat capacity, 
vertical borehole resistance and ground temperature. As a consequence numerous 
software packages are available to aid the design of both vertical and horizontal 
closed loop configurations. Two such programs were used extensively in the 
dissertation; GLHEPro and GS2000.
However, there seemed to be a limited knowledge of the range in UK parameters 
for closed loop systems. This is thought to be due to the relatively small number of 
systems currently installed in this country compared to other countries such as the 
United States and Sweden. As the base minerals for bedrock and other 
constituents, e.g. water and air, cannot fundamentally change it was deemed 
acceptable to initially apply existing data made available from other countries for 
the geological types found in the UK.
© For open loop systems, existing groundwater well theory and literature is available 
and could be used in conjunction with technology specific publications. The key 
ground side open loop parameters were identified as the hydraulic conductivity, 
permeability, specific storage and transmissivity of the aquifer. The sustainable 
well yield impacts on the peak heating and cooling capacity possible for a building, 
and abstraction and discharge wells must be separated according to the annual 
heating and cooling demands in the building(s). Software packages are available 
that merge groundwater and thermal influences in the aquifer but require expert 
hydrogeologists to operate and were not used in the research. However, a number 
of desktop formulae and methods were available to make initial assessments.
Through the literature review it was realised that no spatial review had currently been 
completed of the UK in respect of closed and open loop systems.
The main gaps in knowledge relevant to the design stage and approached in this 
dissertation are:
ii
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© Climate change impacts on the heating and cooling loads and consequent BGES 
design validity.
© Effects of different carbon dioxide intensity projections on the potential for BGESs 
to help reduce the carbon emissions of buildings.
© Economic justification for duel fuel (bivalent) BGESs in the UK.
© Cost effectiveness of bivalent BGESs to reduce CO2 emissions 
Finally a literature review section focussing on the operational performance o f BGESs 
drew out existing monitoring studies that had been completed and also the relevant 
international standards for testing and installation. Whilst there were isolated monitoring 
studies in the public domain these were not deemed holistic in approach. In particular 
measurements were not taken over short enough periods of time to analyse system 
efficiency at different times of the day and year. Assumptions were also made about the 
performance of key plant items, including the use of manufacturer’s literature for heat 
pump efficiency. Many systems in the United States were shown, however, to be working 
without significant maintenance and servicing requirements. The intention of the 
operational case study monitoring was to therefore investigate the short term performance 
of all significant plant items including the heat pumps and ground side pumps as well as 
the cumulative performance over a 12 month period.
The geological and hydrogeological review (Chapter 5) was initially completed using 
ARCGIS, a geographical information system package. Relevant maps were obtained from 
the British Geological Survey to analyse the spatial coverage of superficial deposits, 
bedrock, heat flux and groundwater resource. For closed loop BGESs, the analysis fed into 
calculations for estimating the range and mean thermal conductivity, specific heat capacity 
and ground temperature. For open loop systems the UK was broken down into different 
aquifers and regions thereon. Using an appropriate calculation method, the range in yield 
was then calculated for each region; this could then be translated into possible peak heating 
and cooling loads for a single abstraction and discharge well system.
Once the spatial review was complete a sample project appraisal was carried out to analyse 
the impact on the sizing of the ground side closed loop system. The building was simulated 
in 3 different climates throughout the UK to simulate the effects of differing heating and 
cooling capacities and annual energy demand. These data were then used in conjunction 
with the mean average, and also the range of thermal values calculated in the spatial 
analysis, to calculate the respective range in vertical and horizontal closed loop required.
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For the open loop analysis the peak heating and cooling possible from each aquifer and 
region was reviewed against the peak loads in the example building.
The main bedrock type is sedimentary rock which, discounting the superficial deposits, 
covers 76.1% of the UK. Metamorphic rocks and igneous rocks are less common covering
14.6 and 9.3% respectively. There would seem to be a limited potential for open loop 
systems with only 19.7% of the UK being underlain by pre-defmed productive aquifers.
Bedrock is the dominant geology for vertical closed loop systems as superficial deposits 
are not generally of great enough thickness in the UK. Combining a feasible coincidental 
thermal conductivity for bedrock and heat flux at certain locations suggest that the thermal 
gradient could vary from 0.8 to 6.2K/100m with an average of 2.1K/100m. The consequent 
bulk borehole temperature for a 100m deep ground loop heat exchanger could vary from
8.3 to 13.5°C with a respective average temperature of 10.7°C in the UK. For a similar 
building located at different locations in the UK the length of the GLHE is significantly 
affected by the climate, i.e. the heating and cooling loads and the undisturbed borehole 
temperature, but also the thermal conductivity. Due to the overlapping range of values for 
thermal conductivity for different bedrock types this descriptor was proved to be generally 
poor and underlined, in the absence of nearby measured data, the need for an in-situ 
thermal response test. By considering feasible best and worst case permutations o f the 
analysed parameters the range in cumulative borehole length ranged varied by a factor of 
six from the lowest (2 ,100m) to the highest (12,000m).
The horizontal closed loop analysis highlighted that the temperature amplitude does not 
seem to vary significantly through out the UK; the average annual air temperature is the 
lead temperature related parameter. The saturation of the ground is also more significant 
than the thermal conductivity of the base solid geomaterial. Particularly high thermal 
conductivities seem to reduce the performance due to the enhanced correlation with the 
profile of the ambient air temperature.
The results for the open loop analysis were presented in two main graphs; firstly, showing 
the range and mean yield possible for UK aquifers and secondly, showing the translated 
peak heating and cooling capacity then possible. The yield analysis showed very large 
ranges in yield and hence the peak heating and cooling capacity from a single well. Using 
the inter-quartile transmissivity range (25-75% of readings previously recorded) the 
variable yield was particularly evident in aquifers where fracture flow was prominent, e.g.
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Chalk and Jurassic Limestones. Certain regions showed greater ranges in yield than others 
with the Chalk in Salisbury, Hampshire, and Yorkshire and Lincolnshire being the greatest.
The translated range in peak heating and cooling loads possible from a single well were 
also significantly high. Although the results for certain aquifer types had lower ranges of 
yields and hence peak capacity there was again an implication that in-situ testing was 
absolutely necessary, not only to comply with regulatory requirements, but also to test the 
feasibility at a particular site.
The results did not, however, suggest the maximum peak capacity that will be available 
from a particular “site”. There remains the potential for multi-well installations, although 
the cost will then increase accordingly. There will be spatial limitations on site which will 
limit the number of additional abstraction wells that can be installed, but also, if  100% 
discharge is required on site, the spacing between abstraction and discharge wells. This is 
because of the need to separate respective wells to prevent thermal short circuiting.
The building analysis suggested that, using the mean yield calculated for each aquifer type 
and region, only two sub-regions were unable to meet the peak heating and cooling loads. 
The peak yield required to meet the building load according to different climates only 
varied by -30%  from the lowest (heating mode, 6.21/s) to the highest (heating mode,
8.11/s). The range in well spacing required to prevent thermal short circuiting only varied 
by -17%  from the lowest (48.3m) to the highest (56.5m).
Chapter Six detailed the analysis of four design case study buildings. The buildings 
analysed were projects that Buro Happold had significant design responsibility for and 
hence enabled preferential access to data and building models. They included a Museum, 
an Academy, a Theatre and a College. A vertical closed loop system was considered for 
three of the buildings whilst an open loop system was analysed for the fourth project.
For the climate change analysis, scenarios for the 2020s and 2050s were used from the UK 
Climate Impact Programme study completed in 2002. Carbon dioxide intensity projections 
for grid electricity were constructed using a mixture of government reports and published 
journal papers. The sizing methodology considered the impact of sizing the BGES to meet 
only part of the peak heating and cooling loads Conventional plant was assumed to meet 
residual demands. This is referred to as a bivalent system. This then fed into the net present 
cost (NPC) economic appraisal where two different discount rates and two different energy 
pricing scenarios were used over the perceived lifecycle of the BGES. The final set of
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calculations for the design case study section was a carbon abatement analysis using the 
results from the NPC results. The marginal abatement cost was calculated over the 
assumed lifetime of the BGES, 20 years.
The percentage change in peak heating and cooling capacity and annual demand due to 
climate change was significant for all the four buildings analysed. The effects in cooling 
mode were more pronounced than in heating with peak cooling loads increasing by 13% on 
average by 2020 and -36.8%  by 2050. This was compared to respective decreases in 
heating mode of 6.1% and 15.2%. The annual cooling demand also seemed likely to 
change more significantly than the heating load. In particular the average annual cooling 
demand increase was 94% by 2050 compared to 30.8% fall in heating mode. Certain 
buildings seemed to react differently; although not verified by further detailed analysis, 
this was thought to be due to the different locations and building structure.
The effects of climate change would seem to have significant implications for BGESs. 
Compared to conventional plant, the change in peak capacity and annual energy load for 
BGESs also affects the validity of the ground side system if sized using historical weather 
data files. For the heating dominated buildings analysed the GLHE performance improved 
as the net heat abstraction reduced. For the cooling dominated building analysed, where an 
open loop BGES was considered, climatic changes could potentially cause thermal short 
circuiting between the abstraction and production wells. This would be due to an increased 
cooling mode period and consequent total heat rejection.
The research conducted showed that if  grid electricity is decarbonised the ongoing carbon 
emissions, and required minimum coefficient of performance (COP) of BGESs to realise a 
saving, will reduce. The current minimum COP required is 2.4. Using various dynamic 
carbon projections the decreased minimum COP required in 2030 could range from 1.2 to 
1.6. Current carbon factors published in statutory documents such as the Building 
Regulations are static and do not allow for considered analysis of technologies and 
approaches with differing operational periods. Applying differing carbon projections to 
each case study building showed significant variance in the cumulative savings over 20 
years versus a conventional heating and cooling system. The comparative heating system 
was gas fired heating plant with electric chillers for space cooling.
The bivalent energy assessment highlighted the expected low utilisation nearing the peak 
load in the respective buildings. As indicated in the climate change analysis the use of less
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capitally intensive plant to cover peak heating loads, that may not be required in the future, 
is an added benefit of bivalent system analysis.
Recent changes in energy utility prices indicate a necessity to account for possible 
increases in both electricity and gas unit costs. The current ratio between electricity and 
gas means that a minimum COP of 2.6 is required to realise an operational cost saving. 
Using the two scenarios applied in the research the minimum COP was shown to drop to
1.1 and 1.9 by 2030.
The results for the bivalent economic assessment highlighted the impact of assuming 
certain energy price escalators and discount rates. For the more conservative price 
escalators the conventional system had a lower net present cost over 20  years in nearly all 
cases. The discount rate did not tend to make such as an impact when the energy pricing 
increases were more modest, i.e. using the 20 year historical trend. The BGESs was much 
more competitive using a 5 year historical trend where gas prices have much more quickly 
than electricity.
The final set of results produced for the four buildings was the carbon abatement cost 
curves. These graphs allow for comparison not just with other technologies but also the 
sizing of the technology itself. The bivalent analysis shows significant differences 
regardless of the price scenarios used. The approach can therefore help to justify the 
technology versus other options for the building in question.
The operational case study investigation (Chapter 7) consisted of 12 months of continuous 
monitoring for four buildings. This was interspersed with a number of short term 
monitoring studies to verify certain data points. This investigation was completed for 3 
buildings in the UK, and a fourth in The Netherlands where the climate was considered 
very similar. Two of the buildings under analysis had a vertical closed loop BGESs 
installed, the third was a horizontal system with the final building heated and cooled using 
a aquifer thermal energy storage system. Each system was then characterised by reviewing 
the data over shorter time periods, to understand the instantaneous system performance at 
certain times of the day and year, and over the complete 12 month period to calculate the 
seasonal performance. The performance was then compared against manufacturer’s 
literature and conventional plant to understand the comparable carbon dioxide emissions 
and operational costs.
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The performance of three of the four operational case studies was found to be significantly 
lower than that indicated by manufacturer’s data. This led to questionable carbon reduction 
and operational cost savings versus conventional plant. The final system analysed showed 
reasonable performance in heating mode at full load and particularly high performance in 
passive cooling mode where electricity was only required by the well pump.
A number of reasons were attributed to the underperforming plant. One of the key issues 
identified was that the optimum flow rate through both the evaporator and condenser sides 
of the heat pump is not specified by manufacturers. Only a minimum flow rate is specified 
to protect the refrigerant circuit. The research found in two sites that the flow rate was 
lower than the minimum rate thereby endangering the refrigeration circuit. The flow rate 
was also found to be much higher than the specified minimum in three of the four case 
studies. Although the optimum flow rate was not known, the performance results suggest 
the expected efficiency and flow temperature is not obtained because of this.
Other significant issues identified in the performance of the operational case studies were 
related to buffer tank sizing, the heating distribution installation, maintenance and 
servicing frequency, insufficient owner knowledge, part load efficiency of heat pump 
plant.
The lack of monitoring identified in the literature review supports a general reluctance to 
measure the performance of buildings. Few building studies have been completed in the 
UK and those projects that have been completed have often found buildings to be 
underperforming versus their intended targets. This would also seem to be the case with 
BGESs; the results presented in this dissertation show seasonal performance factors 
significantly below manufacturer’s data. This is currently the only data that designers have 
to analyse the specific application to a building. Manufacturer’s are required to measure 
the performance according to international standards but the performance can still vary 
depending on the realised system. There would, therefore, seem to be a justification to 
extend the current standards to ensure best practice during design, commissioning and 
operation.
The main contributions to knowledge in this dissertation are briefly summarised under the 
three research themes as follows:
Geology and Hydrogeology Review
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1. GIS has been used for the first time to spatially review the UK to consider the 
applicability of vertical and horizontal closed loop and open loop BGESs. This has 
initially been completed using generalised data from different data sources for 
different key parameters for closed and open loop systems. This enabled the 
estimation of mean values and also the possible range in values throughout the UK 
for closed and open loop BGESs. These values where then applied to an example 
building. To conclude GIS could be used for conceptual design prior to in-situ 
testing.
Design Case Studies
2. The expected impacts of climate change have been shown to make significant 
changes to heating and cooling loads and as a consequence to BGESs. Hence, 
BGESs should be simulated using future heating and cooling loads to ensure long 
term system performance.
3. The use of dynamic carbon dioxide projections is justified due to the projected 
decarbonisation of UK grid electricity and the consequent effect on projected 
emissions from BGESs. Such projections would be useful in order to compare a 
range of technologies and approaches with different assumed lifecycles and should 
be included in regulatory documents such as the Building Regulations.
4. Due to anticipated changes in electricity and gas prices and the realised effect on 
the competitiveness of BGESs in comparison to conventional plant, respective 
future price scenarios should be used to analyse the lifecycle cost for BGESs and 
other technologies. This would aid decision making by building procurement teams 
and in this case favour the use of BGESs compared to gas fired heating.
5. Bivalent analysis offers a way to analyse the most cost effective system. For 
heating and cooling closed loop systems the net heat abstraction or rejection leads 
the GLHE design. For open loop systems, desktop yield analysis provides a basis 
for assessing the risk associated with not achieving the desired yield during testing 
and the utilisation for single or multi well systems.
6 . Using the net present cost method, the marginal cost for carbon abatement for 
different potential bivalent systems can vary significantly. Therefore, a generic 
marginal abatement cost should not be assigned to different carbon reduction
James Dickinson Final Dissertation
technologies and approaches. This should be made clear in design guides to ensure 
a more accurate assessment is made and a preferred mix of technologies is realised.
Operational Case Studies
Particular problems have been identified with the four operational BGESs analysed. This 
has lead to the performance of the systems monitored generally being much lower than 
indicated in manufacturer’s literature. The key recommendations identified can be 
summarised as follows:
7. Standards aimed at manufacturers should request that the optimum flow rate 
through heat pump plant is specified in published literature for designers. 
Significant variation from the optimum flow rate will reduce heat transfer rate and 
vary flow temperatures from the heat pump.
8 . Peripheral plant such as buffer tanks have been found to be sized incorrectly and 
guidance and standards should reflect this to prevent systems underperforming.
9. Due to the still marginal application of the BGESs in the UK a maintenance and 
service contract should be organised during procurement of the initial system. A 
framework contract with a number of suitable companies could protect against the 
possibility of a single company no longer trading.
Overall
10. The final contribution to knowledge relates to methodological learning; following 
the completion of work in the three key chapters, a combined framework for 
analysis has been completed and presented. The thesis has taken into account the 
three main methodological phases and identified those parameters and processes 
that are most relevant to the application o f BGESs in the UK.
Further Work
From the work contained in this dissertation that there are a number of opportunities to 
research further, these are summarised as follows:
® Gathering of thermal properties data from different UK lithologies using a
standardised approach. This should be translated to a database maintained by the 
British Geological Survey for borehole and well investigations.
© Development of low cost in-situ tests that can be supplemented with laboratory 
tests to analyse the thermal properties of the ground.
x
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© A best practice design guide should be made available aligned to the RIBA stages 
of work. This would advise building design teams, particularly building services 
engineers on what considerations should be made and actions triggered at different 
stages during the design process. The research engineer has already completed such 
a guide for internal use within the host company.
© Publication of dynamic carbon dioxide projections in the next revision of Part L to 
enable designers to more accurately assess carbon savings.
© Further development of available software programs to allow differences in climate 
change related energy loads to be modelled.
© Development of a new improved set of standards that require manufacturers to 
specify the optimum flow rate through both evaporator and condenser sides o f the 
heat pump.
© Development of a software program to analyse the relative marginal cost o f carbon 
abatement of differing technologies for a particular building.
Conference and Journal Papers
The following conference and journal papers have been successfully submitted and 
accepted:
Geotechnique tJournal Paper)
Dickinson, J., Buik, N., Matthews, M. & Snijders, A. (2008). Aquifer Thermal Energy 
Storage: Theoretical and Operational Analysis, Geotechnique 59, No. 3, pg249-260
This was issued in conjunction with the symposium: Thermal Characteristics o f the 
Ground organised by Geotechnique and the Institution of Civil Engineers on the 18th of 
May, 2009.
Energy. The International Journal (Journal and Conference Paper)
Dickinson J.S. Jackson T. Matthews M. Cripps AJ, 2009JThe Economic and 
Environmental Optimisation o f  Integrating Ground Source Energy Systems into Buildings, 
Energy the International Journal.
The paper has been accepted and at the time of writing was awaiting publication. A 
reduced paper was initially presented at the following peer reviewed conference:
Efficiency, Cost, Optimization, Simulation (ECOS) and Environmental Impact o f  Energy 
Systems, 20th International Conference - Padova, Italy June 25-28.
Following presentation at the conference the paper was recommended for publication in 
Energy, Int.J.
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Heat Pump 2008. Zurich. Switzerland fConference Paper)
Dickinson, J. S., Jackson, T., Cripps, A., Matthews., M., (2008). Analysing the Economic 
and Carbon Dioxide Reduction Viability o f  GSHPS in the UK into the Future. 9th 
International IEA Heat Pump Conference, Zurich, Switzerland 19-23rd May 2008.
The above conference paper was also presented at the Eng.D. Conference on the 1st of 
June 2008.
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1 Introduction
The broad aim of this dissertation is to develop an understanding of the potential for 
building ground energy systems in the UK. Due to the nature of this technology from an 
engineering, economic and environmental point of view, there is considered a need to 
investigate a range of country specific attributes. As will become clear in this and 
proceeding chapters, the analysis is split into different themes that cover the geology, 
hydrogeology and climate, and the design and operational phases separately.
This chapter intends to first contextualise the global energy crisis, and then to provide a 
brief introduction to the different energy systems characterised by using the ground as an 
energy source. Finally, the structure of the dissertation is described to enable the reader to 
begin to understand the main themes of the research undertaken and the methodology used.
The research engineer completed the research within a multi-discipline engineering 
consultancy, Buro Happold Ltd. The primary work stream for the company is the design of 
non-domestic buildings.
1.1 Climate Change and Fossil Fuels
The latest report from the Intergovernmental Panel on Climate Change (IPCC, 2007) 
increased the confidence level to “very high” regarding the impact of anthropogenic 
activities to global warming, in particular due to the emissions of so called greenhouse 
gases (GHGs). The overwhelming evidence has now been widely accepted and worldwide, 
regional and national agreements and legislation have been put in place to try to deliver a 
paradigm shift in the way the world approaches climate change.
The most significant of these GHGs has been identified as carbon dioxide (CO2). Other 
important but less significant contributors include Methane (CH4) and Nitrous Oxide 
(N2O). These three gases remain the most understood and significant of all the GHGs and 
hence, the focus has been to reduce their respective emissions to the atmosphere which 
cause the global warming effect (IPCC, 2007). The emission o f CO2 is linked with the 
traditional methods of using fossil fuels to generate different forms of energy. Therefore, it 
is widely accepted that concentrated efforts are imperative to reduce demand and review 
alternative renewable and low carbon energy supply options.
1.2 Building Ground Energy Systems
As will become clear as the dissertation unfolds, building ground energy systems have the 
ability to reduce CO2 emissions through the displacement of conventional heating and 
cooling technologies.
An overview of the main ground energy systems is shown in Figure 1. It is noted here that 
higher temperature geothermal systems will not be covered in the main analysis o f the 
dissertation; this is due the lack of economically feasible resource in the UK. The 
approaches currently deemed appropriate, both technically and economically, use energy
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stored in the near surface geology. The energy balance is maintained by energy from the 
sun and a small heat flux from beneath the earth’s crust.
There are essentially two variations of low temperature systems, those using a closed 
network of pipes or tubes buried beneath the ground, and open loop systems that abstract 
groundwater from aquifers. In both cases surface water systems are also noted due to some 
theoretical design similarities and required equipment. The use of the expression building 
ground energy systems and its acronym “BGES” are used extensively through the 
dissertation as a descriptor for both closed and open loop systems
The mainstream approaches used both in the UK and worldwide are highlighted in red in 
Figure 1. Whilst the other options remain feasible their application is not yet widespread 
with universally accepted design assessment techniques. Surface water systems are 
inevitably site and location dependent and design literature does not seem to be easily 
obtainable. Systems making use of the foundation design are a relatively new initiative and 
hence there is again little available accepted theory and design methodology. Earth tube 
systems are also marginal and seem to be limited to ventilation air tempering and therefore 
do not offer the potential to displace completely or significantly, conventional heating and 
cooling technology.
Note: Not
Higher Temperature covered in this 
Geothermal 
District heating 
Electricity
& m thesis Building Ground 
Energy Systems
*gg| Low Temperature
Energy from the sun and 
Smali geothermal Influx from 
the centre of the earth
Open Loop Closed Loop
Jgk
Surface 
Water 
Sea/ Lake/ 
River
Aquifer: I
Mono/ Bi- 1 
directional I
p
f  I
P
P
S s a t -4 illt I
'' Foundation "t 
Surface j Structures: 
Energy piles 
Slab
Water VerticalHorizon Earth Tubes
F igure 1 B reakdow n o f  B uild ing  G round E nergy  System s
As will become clear in chapter 5 the majority of historical theoretical development has 
focussed on vertical and horizontal closed loop systems, using bespoke boreholes and 
trenches, and open loop systems abstracting and discharging water from an aquifer beneath 
the development. It is for this reason that other marginal low temperature approaches are 
essentially overlooked in preference for those options that are “ready to go”. This 
necessary step reduces uncertainty in the applied design methodology used in the
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dissertation and hence enables the chosen research themes to be approached more 
confidently and in more depth.
For the technologies in question there is a need to use additional means to upgrade the 
energy to provide heating. This is usually done using electrically powered heat pumps. In 
cooling mode, whilst there is a possibility to reject heat directly, the most common 
approach is to reverse the heat pump to enable greater heat rejection to the ground. 
Notwithstanding the fact that the heat pump and necessary peripheral pumps, consume 
electricity, the technology still has the potential to reduce carbon emissions. The carbon 
intensity o f grid UK electricity is due to fall over the next few decades so any currently 
realised savings will then increase. This makes the technology particularly attractive in 
comparison to conventional gas heating where the resulting carbon emissions will remain 
static or indeed increase if  system performance decreases over time. In cooling mode, the 
conventional technology is electrically powered chilling plant. Therefore, the BGES 
simply has to outperform the typical performance of such plant to save carbon and 
operational costs.
1.3 Dissertation Structure
Figure 2 provides a diagrammatical overview of the structure. Volume 1 contains the 
research dissertation, respective appendices including submitted and accepted conference 
and journal papers. Volume 2 includes the six monthly reports that have been completed 
throughout the four year period.
Following this introduction, chapter 2 serves as a background to the consequent 
technology specific literature review in chapter 3. Chapter 4 describes the overall 
methodology and research aims following concluding recommendations in the preceding 
chapter.
The next four chapters are then essentially self-contained each with its own methodology, 
results and discussion sections;
The theme of chapter 5 is geology and hydrogeology. It is the aim of the section to 
spatially review the potential for BGESs throughout the UK focussing on the key 
parameters for both closed and open loop systems. An example building is used to indicate 
the impact of different assumed geology and hydrogeological conditions.
In chapter 6 four design case studies are analysed first to consider the effects of climate 
change and differing carbon intensities. The chapter then continues by analysing the 
energy, economic and carbon reduction effectiveness of bivalent BGESs. This is aided by 
the inclusion of carbon dioxide intensity projections for grid electricity along with gas and 
electricity scenario pricing over the assumed lifetime of the plant.
Chapter 7 contains the last research theme and analyses the actual operational performance 
of 4 BGESs, three of which are in the UK and the final system installed for a building in 
Dordrecht in The Netherlands. The performance is compared against the expected
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performance from manufacturer’s literature and also versus conventional gas heating and 
electric chilling plant.
Chapter 8 concludes the main findings of the dissertation, thereby underlining the key 
contributions to knowledge that have been made but also future areas of study that remain 
possible.
Appendix I contains all the completed journal and conference papers linked to the 
dissertation. Appendix II provides a list of other courses completed, achievements, sponsor 
company work and details of undergraduate supervision for two students. Other appendices 
include non-essential data and information that is referred to in the dissertation.
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2 Background Literature Review
The objective of this chapter is to provide a brief overview of the wider context of building 
ground energy systems (BGESs). The chapter will explore the following key areas:
1. Energy Use and Carbon Dioxide Emissions
2. Royal Commission on Environmental Pollution Report and the development of UK 
legislation
3. Energy in Buildings
4. BGESs: different variations and configurations
5. BGESs in the UK
Following this there will be a brief chapter summary which will draw out the key aspects 
that will be addressed in the dissertation. The next chapter will provide a more focussed 
literature review. As was made clear in the introduction there are three main chapters that 
make up the core of the dissertation. This initial chapter only serves to provide a snapshot 
introduction to the main reference points and broad context.
2.1 Energy Use and Carbon Dioxide Emissions
It is accepted that the energy sector will be the focus for reducing emissions “ ... through 
major improvements to efficiency and rapid switching to renewables and other low carbon 
technologies” (IEA, 2008). However, one issue that is not necessarily particular to the 
energy industry is that of technological inertia. This has been noted as a significant 
constraint on the rapid movement to lower carbon systems and approaches (IEA, 2008). 
This is true of supply side technologies such as power stations but also that of secondary 
energy users and generators in buildings, i.e. the focus of attention for the application of 
BGESs. This is inherent in the long life of such capitally intensive plant and systems which 
can lock-in the technology for long periods of time. Hence, although the effects of climate 
change are not yet entirely apparent in all locations throughout the world there is still a 
definite need to alter the culture and methods of using and supplying energy immediately.
In the UK the subject of energy use has been approached with a number of key documents. 
In recent times one of the most significant of these was the Royal Commission for 
Environmental Protection; Energy -  The Changing Climate (RCEP, 2000). The Royal 
report was one of the first important publications that reviewed energy trends globally and 
nationally, and set the scene in the UK so far as environmental concerns regarding the 
continued reliance of fossil and nuclear fuels and cumulative increases in energy demand. 
As can be seen in Figure 3 the rate of total energy usage has increased dramatically since 
the 1940’s and continues to rise although the rate of energy use per person is actually 
levelling out.
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In the UK the use of fossil fuels remains the main source of energy for all our needs, either 
to use directly in the transport sector and for heating or, indirectly, for electricity 
generation. In 2007 fossil fuels accounted for over 95% of all energy use and carbon 
dioxide emissions account for 85% of all GHGs (BERR, 2008d). Methane accounts for 
approximately 8% and nitrous oxides, 6%. The other GHGs, i.e. hydroflourocarbons 
(HFCs), Perflourocarbons (PFC) and sulphur hexafluoride account for around 1.25% in 
total (BERR, 2008e). The significant contributors include power stations, industrial 
combustion, transport and domestic sectors. At 180MtCC>2 in 2007 power stations are the 
single highest emitter of carbon dioxide in the UK. This accounts for some 33% of all 
emissions. At the moment electricity is mainly generated with a mixture of coal, natural 
gas and nuclear. The generating percentage for renewable energy technologies is 
increasing; the latest figure for this is ~ 5.4%. A breakdown is shown in Figure 4.
N uclear
16.2%
Hydro
1.3%
Wind 
/  1.4%
Other Renewables 
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42 .2%
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2.2 The Royal Commission Report and the Development of UK Legislation
Since the publication of the RCEP report in 2000 the UK government has sought to align 
energy policy with the respective recommendations. In particular one of the key goals 
remains to reduce CO2 emissions by 60% from those levels in 1995 by 2050.
The RCEP report viewed three ways to reduce carbon dioxide levels over this period;
1. Reductions in the demand for energy
2. Greater efficiency in the use of fossil fuels
3. Substitution of other energy sources for fossil fuels (RCEP, 2000 pg.33)
Chapter 9 of the RCEP report summarises four scenarios that outline possible strategies 
that could be used to approach a reduction of 60% in carbon emissions by 2050. All but 
one o f these scenarios suggests some form of energy demand reduction over this period. 
Scenario 1 states that demand remains at 1998 levels.
All four scenarios also contemplate the continued use of fossil fuel generating plants. It is 
admitted at this juncture that renewable energy technology, although having an active part 
to play in the reduction of carbon dioxide emissions, will not be able offer the complete 
solution. This is mainly due to the intermittent nature o f the majority o f these technologies.
It is further stated that:
“A necessary condition for achieving large reductions in carbon dioxide emissions is 
therefore likely to be more rapid improvements in the efficiency of end use than have been 
achieved in the past. If efficiency can be improved rapidly enough to reduce end use of 
energy in the UK by about 1% a year on average, this would reduce consumption by more 
than a third over the next 50 years,...” (RCEP, 2000 pg.178)
The use of ground energy principally falls under the first suggested method of decreasing 
carbon emissions through the reduction of energy demand in that there is seen to be a “ ... 
very great potential to increase the energy efficiency through the smarter use of 
technology, especially in the heating and cooling of buildings...” (RCEP, 2000 pg. 39).
This efficiency is of course limited by technological advancement, and more importantly, 
the laws of physics. Nonetheless, there remains an opportunity to assess the most efficient 
way to provide the energy we need whilst understanding the environmental impacts of 
each heating and cooling option.
The use of heat pumps was raised in the RCEP report and was marked as a technology that 
makes an efficient use of electricity for heating and cooling a building, and also potentially 
providing hot water, by employing ” ... the abundant quantities [of energy] available from 
rivers, streams, wastewater, groundwater, soil and air” (RCEP, 2000 pg.39)
One important issue that the report continues to consider is that of primary energy use and 
consequent carbon emissions of heat pumps. The RCEP report makes it clear that unless 
there is a move to less carbon intensive electricity the use of heat pumps will not 
necessarily reduce carbon emissions versus more conventional alternatives, such as high
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efficiency gas boilers. Electric resistance heating, i.e. without a heat pump, is said to emit 
two and half times as much carbon dioxide as gas heating (RCEP, 2000 pg.156).
Therefore, if  electricity is to be used for heating then it must be used in the most efficient 
way possible.
The report concludes with a number of key recommendations for adoption in the UK. The 
most relevant points to the use of ground energy, and more specifically heat pumps in the 
built environment, are repeated below:
“6. Absolute reductions in energy demand and a large deployment o f alternative energy 
sources will be needed if  the UK is to make deep and sustained cuts in carbon dioxide 
emissions while protecting its environment and quality of life. A central policy objective 
must be a very large reduction in demand for energy for heating and cooling, achieved 
through much more sophisticated management of heat and much wider use o f combined 
heat and power schemes for both the industrial and the commercial and domestic markets. 
The resulting heat networks, supplied initially by fossil fuels, could ultimately obtain heat 
from energy crops and electrically powered heat pumps.
16. The UK government and devolved administrations should launch a long-term 
programme to bring about major reductions in the energy requirements of buildings. As 
well as reducing wastage, this will embrace wide use of technologies that enable occupiers 
of buildings, including householders, to obtain their own heat and electricity from 
renewable or energy efficient sources such as solar heating, solar electricity, heat pumps, 
and small-scale combined heat and power plants.
29. To improve energy efficiency, government should promote the use of heat pumps 
wherever electricity has to be used to supply low-grade heat. Government should 
investigate the carbon-saving potential and cost-effectiveness o f heat pumps and solar 
water heating at the level of individual homes and larger buildings, with a view to devising 
subsidy arrangements, both for existing and new buildings, should the findings prove 
favourable.”
(RCEP, 2000 pg. 199-201)
The recommendations were broad in terms of technology choice but it is notable that heat 
pumps are seen as an energy efficient option that have the potential to reduce CO2 
emissions.
The government have responded with a number of policies and initiatives that seek to drive 
forward a reduction in energy use in buildings. These include but are not limited to:
© Building Regulations modification
© Building Research Establishment Environmental Assessment Methodology 
(BREEAM)
© Climate Change Levy 
© Renewable Energy Emissions Trading 
© Clear Skies
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© Carbon Trust 
© Energy Saving Trust 
© Enhanced Capital Allowance Scheme
The scope of most of these programs is beyond the boundaries of this literature review but 
further details can be sought from the respective bodies that administer each scheme. More 
recent generic national reports show how the issue of climate change and carbon dioxide 
emission reduction has now become a primary policy concern for the UK. These reports 
include the Stem Report (Stem, 2006), the Energy Efficiency Review (DEFRA, 2007a) 
and 2007 Energy White Paper (DTI, 2007d). The UK government continue to support the 
move to a low carbon economy with the introduction of the carbon budget in 2009. The 
government now have legally binding targets to reduce carbon emissions by 34% from 
1990 levels by 2020. These targets are in response to the Climate Change Committee 
report of 2008 (CCC, 2008).
2.3 Energy in Buildings
The latest revision of the Building Regulations published in 2006 is seen by the 
government as a key driver in the reduction of carbon emissions in buildings (CLG, 2006). 
This was in some way driven by the EU Energy Performance in Buildings Directive 
(EPBD, 2002) which asks member states to reconsider their respective energy policies to 
ensure that each country follows the requirements of the Kyoto Protocol.
The Building Regulations is a set of legislative tools issued by the Secretary of State.
These give the power to make comprehensive regulations about the provision of services, 
fittings and equipment in or in connection with buildings as well as about the design and 
construction o f buildings. In general they are made with the following wide ranging 
purposes:
© “Securing the health, safety, welfare and convenience of people in or about
buildings and of others who may be affected by buildings or matters connected with 
buildings.
© Furthering the conservation of fuel and power.
© Preventing waste, undue consumption, misuse or contamination of water.”
(Billington et al., 2007)
To comply with the regulations new or extensively refurbished buildings must, amongst a 
number of other requirements, have a building CO2 emission rate (BER) which does not 
exceed the targetUO2 emissions rate (TER). The TER is the mass o f CO2 emitted per year 
per square metre and must be calculated using a certified method. The regulations outline a 
number of methods to reduce the effective CO2 emissions from a building including the 
context dependent application of low or zero carbon technologies, including heat pumps, 
which “ ... can make substantial and cost effective contributions to achieving TERs.”
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(CLG, 2006). The related guidance document, the low or zero carbon energy sources 
strategic guide (NBS, 2006), also gives a review of ground source heat pumps (GSHPs) as 
a technology that can help suitable to reduce carbon emissions.
Therefore, it is clear that recent UK policy and guidance for buildings is now structured 
around the use of various technologies to reduce CO2 emissions and BGESs are being 
pushed as one of the options to contribute to this objective by replacing conventional 
technologies. In terms of carbon dioxide emissions, space heating and cooling ventilation 
accounts for -46%  of all emissions from buildings (CIBSE, 2004c), see Figure 5. This is 
the latest reference that the author could access but it is more than likely that the ratios 
presented are still valid. If the replacement heating and cooling strategy can make 
significant savings versus conventional plant then this could make a large impact on BER 
of the building.
Hot Water 
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Cooling
and
Ventilation
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Heating
41%
Computers
4%
Catering
12%
Process
Other
Lighting
23%
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There are a number of “conventional” technologies that are presently used in the UK built 
environment to provide heating and cooling. These conventional systems become more or 
less popular over time depending on a number of factors which can be broadly outlined as 
follows:
© Cost
® Technology Advancement 
® Fuel Resource 
© End User Demand
® Global Agreements and National Legislation
Even accounting for best practice, guidance regarding building construction and passive 
design, active heating and cooling provision remains a requirement in the vast majority of 
UK buildings. The dominant space heating method in the UK is gas fired boiler plant with
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a seasonal efficiency of -85%  and distribution systems typified by high temperature 
(>70°C) hydronic or air-based heat emitters (CIBSE, 2004a). Cooling plant is typified by 
electric vapour compression units with air cooled condensers or cooling towers and a 
coefficient of performance of -3 , with distribution via air-based units at <8°C (CIBSE, 
2004b).
Bordass (2001) has stated that technical advancement has already been made to virtually 
eliminate heating and cooling demand and this should be the first step to be considered 
when designing a building. CIBSE review the predominant methods for minimising the 
need for building services, and to increase efficiency and reduce environmental impacts 
(CIBSE, 2004c). Once these passive means have been optimised the next available step is 
to consider the use of low and zero carbon technologies.
The main low or zero emission commercial technologies used for heating, space and 
domestic hot water (DHW), and cooling are again outlined by CIBSE (CIBSE, 2004c) and 
certain more mainstream textbooks (e.g. Boyle, 2004). These include solar thermal, 
biomass, combined heat and power (CHP) and BGESs.
Aside from the design methodology and technology approach used a number o f recent 
published works have noted that buildings do not always perform as anticipated (Bordass 
et al, 2001; Pegg. I. et al., 2007). This suggests the performance of not just the fabric and 
passive design measures are over estimated in terms of effectiveness to reduce heating and 
cooling loads, but also the active elements of the building, such as the mechanical plant, 
lighting or controls strategy. The performance differential between design and operation 
can also be linked to the accuracy of the thermal calculations completed at the design 
stage. Research by a number of authors has highlighted that there can be significant 
differences between different software packages and also users (Lomas et al., 1997; 
Crawley et al., 2008). There would seem to be a gap in knowledge between design and 
operation that can only be improved though continued post occupancy evaluation of not 
just buildings in general but also systems within buildings (Pegg. I., 2007).
Before introducing BGESs in more detail it is useful to consider the accepted building 
procurement process used in the UK, the Plan of Work published by RIBA1 (Phillips, 
2000). The framework for this is shown in Appendix V. The main design phase stretches 
out from stage C, where initial project proposals are considered, through to stage E where 
detailed design is completed. The timing for this is inevitably project specific, dependent 
on, for example, the planning process, project funding and the complexity o f the building.
Before the recent introduction of low carbon alternatives for heating and cooling buildings 
the design and integration of conventional gas heating and electric chilling plant was 
relatively well understood. Guidance is detailed for the UK context in publications by 
CIBSE (CIBSE, 2004a; 2004b). This enables the heating and cooling design process to be 
completed relatively quickly.
1 R IBA  -  Royal Institute o f  British Architects
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The consideration of alternative technologies has been found to be more complex. This has 
been made clear in the work of Cooke (2006). In particular, the complexities lead to 
additional design time, costs and risk assessment, particularly in view of the fact that few 
precedents often exist (Cooke, 2006). These are particular factors that seem to be true of 
BGESs. Due to the interaction between the ground and the building, which is not a 
conventional consideration, the design and installation does seem to need a more complex 
and considered design process. The alignment of the design of BGESs to the RIBA plan of 
work therefore seems to be an aspect that also needs to be reviewed.
2.4 BGESs: Variations and Configurations
Through researching the field of ground energy systems two distinct resources have 
materialised. Firstly, there are higher temperature and enthalpy resources that can be 
tapped into, where the heat is generated from beneath the earth’s crust (Dickson and 
Fanelli, 2003). This is usually typified by a magmatic intrusion that has reached relatively 
shallow depths. This heat can be used for electrical power generation or for space heating. 
Secondly, there are those systems that make use of moderate temperature swings in the 
ground, compared to ambient air, thus providing a positive thermodynamic advantage for 
use in either heating or cooling a building (Bose et al., 2002). The energy in the ground “ ... 
is transferred to and from the earth’s surface by solar radiation, rainfall, wind etc. Only a 
small part (less than 3%) of the stored energy in the earth’s crust comes from its core” 
(Rawlings, 1999). This characteristic makes it inherently different to the former ground 
energy resource which is heat derived from the internal core of the earth only.
The majority of the internal energy that was produced was caused by gravitational 
contraction of the planet as it was formed (Boyle, 2004) but is now in some way 
maintained by radiogenic heat that is continually generated by the decay of long lived 
radioactive isotopes of uranium, thorium and potassium. Dickson and Fanelli (2003) 
reported that the total heat content of the earth is in the order of 12.6 x 1024MJ of which 5.4 
x 1024MJ is contained within the earth crust. Obviously this is an immense resource but 
only a fraction is currently available to mankind. The earth’s crust is for example about 20- 
65km deep in continental areas so it is clear that it is not always going to be economically 
viable to extract energy from such deeper resources.
In the context of the UK, Batchelor et al (2005) have stated that the economic utilisation of 
higher temperature and enthalpy geothermal remains unachievable due to the depth of 
suitable resource and comparative cost of fossil fuels. Only one such system is in operation 
in the UK in Southampton. This has been operational since the early 1980s and was 
heavily funded by the then government department, the Department of Trade and Industry 
(DTI). It is for this reason that such higher enthalpy and temperature systems are not 
considered in this dissertation. The focus of the research is therefore on those systems 
which can and have been successfully installed in geology similar to the UK, i.e. the 
second type outlined above.
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An example of the typical variation in temperature swing nearer the surface is shown in 
Figure 6. Similar temperature swings are also shown in textbooks by Boyle (2004) and 
Banks (2008). The temperature of the ground below approximately 10m only varies by +/- 
1°C throughout the whole year. However, the above ground ambient air temperature varies 
much more and this can be seen from the near surface variance of near 0 °C in February to 
nearly 20°C in the summer. Hence, there is a positive thermodynamic advantage to be 
gained by exchanging energy to and from the ground in different heating and cooling 
seasons rather than just using ambient air. Simply, in the summer it is possible to use the 
ground for cooling and in the winter for heating.
u
F igure 6 V ariation  in G round T em p eratu re in C entra l E urope [V iessm ann  200 5 |
There are a number of different configurations used; the following are those that have been 
identified during the research programme:
1. Ground Coupled Cooling:
• Open Loop -  Ground water is pumped direct from an underground water 
source, such as an aquifer, cavern or disused mine shaft and used directly, 
or via a heat exchanger, to provide cooling within a building.
• Closed Loop -  Air or a Liquid is pumped around a closed loop underground 
pipe network, e.g. a bespoke borehole, trench or within building 
foundations, to exchange energy from the ground and then used either 
directly or via a heat exchanger to provide cooling for a building. The pipe 
network can either be a horizontal or a vertical array.
2. Ground Coupled Heat Pump:
© Open Loop -  Again, ground water is pumped from an underground water 
source but this time the temperature can be stepped up or down to provide 
higher grade heating and cooling via a heat exchanger and a reversible heat 
pump. This configuration is sometimes referred to as a Ground Water Heat 
Pump (GWHP)
© Closed Loop -  Again, air or water can be pumped around a closed loop
system (horizontal or vertical) but the energy is stepped up via a heat pump.
Earth surface 
Temperature PC}
1 May 1 Nov
1 Aui1 Feb
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This variation is most commonly known as a Ground Source Heat Pump 
(GSHP) or in USA as a Ground Coupled Heat Pump (GCHP). An 
alternative is to pump a refrigerant through the underground pipe network; 
this is known as a direct exchange (DX) system.
The second set of variations, in heating mode, requires a heat pump to effectively . 
cause heat to move uphill, that is, from a lower to higher temperature location. In essence, 
they are nothing more than a refrigeration unit in reverse.” (Lund et al, 2003). In the 
cooling mode the system is used in a similar mode to a refrigerator, in that a refrigerant is 
used to extract heat from an area to provide a cooling effect. The heat pump process is 
known as the vapour compression cycle.
The most common form of open loop systems consist of one or more wells installed in an 
aquifer such as that shown in Figure 7. In this example two wells are installed, one acting 
an abstraction well and the other, as a discharge well.
%  1  ..Q_.- ...a...
J=>
J V
A quifer
Discharge W ell A bstraction Well
F igu re 7 T yp ica l M on o-d irectional O pen L oop W ell System
For closed loop systems, the loop heat exchanger can be located in trenches (horizontal 
system) or boreholes (vertical system). Alternatively, the loop can be installed within the 
structural foundations of a building (Brandi, 2006). This is an idea that has only more 
recently been applied and is still a marginal technological approach. The piping which 
makes up the closed loop can be made of thermoplastic, such as polyethylene (PE). The 
most common fluids that are used to transfer energy from the ground to the building are 
ethylene and propylene glycol (VDI, 2000). Neither of these are deemed to be hazardous to 
groundwater (EA, 1998). The use of certain types of refrigerant in new systems has 
stopped since the Montreal Protocol was signed in 1987 to phase out the use of chlorine 
based substance that have the potential to harm the ozone layer (Rawlings, 1999).
The instantaneous performance of BGESs in both heating and cooling modes is generally 
quoted using the coefficient of performance (COP), see equations [1] to [5]. In heating 
mode the compressor work, P h p , is effectively added to the free energy from the ground, 
Qg. In cooling mode the heat from the compressor is moved to the ground along with the 
heat rejected from the building, Qc. In both modes an important consideration is the 
auxiliary power, P a u x , which is necessary to either circulate the glycol through the ground
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loop heat exchanger, or pump groundwater from a well. The heat rejected and abstracted to 
and from the ground and the heating and cooling circuits is equal to the flow rate, m , 
multiplied by the specific heat capacity of the working fluid, cp, and by the temperature 
differential (Tl-Ti) across the heat exchanger.
In equations [1] to [5] the term for heating and cooling is expressed with a “dot” above Q 
to indicate that this is the instantaneous power measurement as apposed to energy.
Free Energy from 
the Ground, Q0
Heating M ode E fficiency = COPH = -------— -------  [ 1 ]
P HP +  P A U X
Electricity, PHt> 1 .
Q h = Q g + p hp  [ 2 ]
Heating. Qn
Q rC ooling M ode E fficiency = COPc  = ------------------  [ 3 ]
P 1 IP +  P A U X
Q c  =  Q g ~ P H P [ 4 ] Electricity,
Php 1
Heat rejection to 
the Ground. Qg
Heat rejection 
from building, Q,.
Q g  = m .c p .(T2 - T O  [ 5 ]
COPH.c = C oefficient o f  Performance, H = Heating mode, C =C ooling m ode (-)
Q h ,c  =
Instantaneous heating and cooling provided (kW )
P HP = Instantaneous heat pump com pressor power (kW )
P AUX = Instantaneous auxiliary pow er for circulation pumps and w ell pumps on the 
ground side (kW )
Q g  =
Instantaneous energy flux from and to the ground (kW )
m = M ass flow  rate (kg/s)
c P= Specific heat capacity o f  circulating fluid or groundwater (kJ/kgK)
T= Temperature (K)
Figure 8 plots the possible coefficient of performance against temperature up lift in heating 
mode (IoR, 2000). The temperature uplift is the difference between the source temperature 
and the required flow temperature to the heating circuit. A number of performance curves 
are presented versus a system working according to the ideal Carnot efficiency. The more 
efficient units work with a Carnot efficiency, T |c, of approximately 0.5. Assuming a 
temperature uplift from 10°C to 40°C, i.e. to a practical flow temperature for an underfloor 
circuit, the COP is approximately 4.5. With a lower or higher required uplift the COP 
changes significantly. Therefore, it is clear there is a benefit in reducing the required flow 
temperature to the heating circuit to improve the performance. Certainly to approach the 
normal flow temperatures in many existing radiator heating systems, i.e. 70-90°C, will 
come with severe efficiency penalties. In fact many heat pumps have a maximum 
temperature output of approximately 55°C, although this is due to practical limits rather 
than just efficiency drop off.
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2.5 BGESs in the UK
2.5.1 Geology in the UK
2 2
The land area of the UK is 245.966km with only 1,426km designated as open water 
(BGS, 2008b). Toghill (2000) has stated that “ ... the geology of Britain is immensely 
varied, with rocks and structures representing over 2000 million years of earth history”.
The geology in the UK is generally made up of a layer of superficial deposits (soils) such 
as clay or sand underlain by bedrock. The superficial deposits are usually under 10m in 
depth, although this may be exceeded on a local scale, and are also absent in many places 
throughout the UK (Jackson, 2004b). Figure 9 shows a generalised surface geological map 
for the UK; there are a variety of surface classifications with superficial deposits, such as 
sand and gravel and pebbly-silty-clay dominating. Below7 the superficial deposits and in 
some cases outcroping to the surface is bedrock, shown by the coloured legend in Figure 9.
There are differences between soils and rocks and their respective sub-sets and it is useful 
to establish a basic definition at this juncture. Rock is a stronger material w7hereas soil in its 
simplest definition can be described . .as a sediment which has not become rock-like, or 
a granular residue from rock that has completely weathered (called a residual soil)” (Blyth 
and de Freitas, 1984). Waltham (1994) also suggests that when the uniaxial compressive 
strength (UCS) of a rock is less than IMPa the volume effectively becomes a soil. When
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the difference is not deemed important, the term geomaterial is used in this dissertation as a 
generalised descriptor of the soil or rock matrix.
Rocks and soils are mixtures of minerals so naturally, as the composition varies, so can the 
respective thermal properties. Also, higher porosities and the existence of fractures or 
fissures, and cavities can greatly affect the thermal attributes of the volume. Groundwater 
in the UK is present almost everywhere, but whether it is suitable for extraction for 
drinking water or indeed for an open loop BGES requires detailed hydrogeological 
analysis.
It is clear to see that due to the variable geology in the UK the potential and performance 
of different BGESs could also vary. As will become clearer in chapter 5 the thermal 
properties o f geomaterials will primarily affect closed loop systems whilst the potential to 
abstract and discharge groundwater will lead the applicability of open loop BGESs.
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2.5.2 Popularity of BGESs in the UK
Data on the number of BGESs installed in the UK has been hard to confirm although there 
is evidence of significant market growth from the late 1990s when the technology was 
deemed to be still be at the demonstration phase with perhaps only 50 installations 
(Rawlings, 1999). More recent publications have suggested there are now over 300 
domestic installations with more than 50 commercial systems installed (Batchelor et al., 
2005). This is in contrast to the rest of the world wrhere the technology has been widely 
accepted (Lund et al., 2005). Countries such as Sweden and the USA have seen widespread 
acceptance of the technology particularly for domestic installations. The number of 
worldwide installations has more recently been said to be over 1 million (Lund et al, 2003).
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Rawlings(1999) suggested the main barriers of the technology in the UK seemed to be:
1. lack o f awareness of the technology and its benefits
2. capital cost
3. low energy prices
4. lack of manufacturers, suppliers and installers.
The first o f these barriers is probably not now entirely valid although the design process is 
unlikely to be as well understood as other more established technologies. The capital cost 
is made up of the ground side system, e.g. for a closed loop system, the drilling and ground 
works with respective piping, circulation pump(s) and backfill material. In addition there is 
also the main plant, which typically includes the heat pump(s), pipework and periphery 
equipment, e.g. valves and control systems. In a closed loop system the ground side system 
is usually between 30 and 50% of the total cost (Rawlings, 1999) depending on the ground 
conditions and the size of the system. For open loop systems the range is much higher, 
being dependent on the yield realised and depth to resource. Although, there are many 
variations of BGESs as indicated by Figure 1, the vast majority of UK precedents seem to 
be o f the closed loop and open loop type, using bespoke trenches or boreholes and wells.
In the USA it has started to become common practice to consider hybrid systems that use 
additional heat rejection plant, such as dry coolers, to reduce the peak load on the BGESs 
(Bose et al., 2002). In Europe there is a further option to reduce the peak heating load on 
the ground system by using supplementary plant for heating (Rawlings, 1999; Lund et al., 
2005), although the term bivalent is generally used instead of hybrid. Both options should 
help to reduce the installation cost and could be investigated in the UK.
The subject o f energy prices is discussed further in chapter 3 but, briefly, due to the 
extensive gas infrastructure and low relative price of gas versus electricity the operational 
benefits have not historically been realised. The issue of the number of available 
manufacturers is perhaps endemic with any new technology and since the project started at 
least 15 new installers have been identified in the UK. The majority of these companies 
offer turnkey packages, including the design, installation and commissioning of the system. 
A UK installation standard is now in place under the UK Microgeneration Certification 
Scheme (MCS, 2008).
2.5.3 Relevant Existing Research in the UK
A DTI report was issued in 2005 documenting some of the research that had been carried 
out by a consortium of consulting engineers; civil engineering companies and academic 
institutions (DTI, 2005). The intentions of the report were to give an understanding of the 
potential for BGESs in the UK by conducting a number of discrete studies. In brief these 
included:
1. Building Type Models Located in the Thames Gateway Region (ARUP)
2. Development of a new closed loop model based on GLHEPro (ARUP)
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3. Confirmation of Thermal Properties (Various parties)
4. Carbon Dioxide and Cost Models based on Energy Pile System (ARUP)
5. Replacement of site investigation techniques with laboratory testing (Universities 
of Birmingham and Newcastle)
6. Guidance on Regulatory Framework (EA)
7. Installation trials (Skanska/ Arup)
Whilst providing a very useful review of these subject areas there were some notable 
omissions in the report that perhaps deserve further research:
© The climate type considered was fixed to one area of the country using the
respective test reference year (TRY) weather file. No reference or assessment was 
also made of bivalent or hybrid systems.
© Although some reference was made to the potential to use two aquifer types in the 
UK, namely the Chalk and the Permo-triassic sandstones, this was not expansive 
and did not include a regional assessment or refer to other potential aquifers such as 
the Jurassic Limestones. The assessment was also qualitative and did not note any 
specific aquifer properties.
© The thermal attributes were identified through a literature review and whilst 
highlighting the importance of lithology specific properties such as thermal 
conductivity, moisture saturation and specific heat capacity, neglected other 
potential influences such as the mean temperature and heat flux components o f the 
assessment. Also, no spatial assessment was undertaken of the UK to analyse how 
these properties may vary in different geological conditions and locations 
throughout the UK.
© The carbon dioxide emission and cost appraisal was also carried out using fixed 
values for electricity carbon intensity and gas and electricity unit prices. The capital 
cost assessment also focused on an energy pile system thereby neglecting more 
mainstream technology approaches that are being applied in other countries.
The focus of the report was very much on innovation and development of new techniques 
rather than the optimisation and assessment of existing systems. Also, as there was no UK 
wide assessment, including geological and hydrogeological aspects, and location specific 
effects of temperature on the ground source system, there is still an opportunity to further 
characterise the potential in the UK.
One issue which is wholly linked to the absolute need to reduce carbon dioxide emissions 
is that of climate change. The UK Climate Impact Programme (UKCIP) have conducted 
research on existing and likely weather trends and scenarios. This work was initially 
published in 2002 (Hulme et al.). The UKCIP is now updating the scenarios based on 
continuing research and revised climate change modelling by the Tyndall Centre and 
Meteorological Office. The first report from this process has been published by Jenkins et
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al (2007) summarising the climate and recent trends in the UK. Figure 10 shows how the 
mean temperature has varied at different locations in the UK from 1914 to 2006, whilst 
Figure 11 shows the difference from 1961-2006. Significant increases in temperature have 
been proved at all locations throughout the UK; the greatest acceleration has happened 
over a relatively short time scale from 1980. The highest concentrations of temperature 
increase seem to be in England, aside some northern regions and the South West, where 
the average annual temperature has increased by over 1.4°C. In other areas of the UK the 
temperature increase seems to be less dramatic, with increases of less than 1°C in some 
areas.
The effect of rising temperatures will inevitably impact on heating and cooling demands in 
buildings. The normal practice to assess the future peak capacity and annual energy 
demands in larger non-domestic buildings is to construct thermal models and complete 
simulations using historical weather files. Each weather file is location specific and is 
known as a Test Reference Year (TRY). Therefore, this leads the building to be designed 
according to historical weather and not future scenarios wfdch ultimately affect the heating 
and cooling loads in the building.
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— North East England 
— W est Scotland 
East Scotland 
North Scotland
6 1  , , T T T , , . , , . , T , r —
1914 1920 1926 1952 1938 1944 1950 1956 1962 1968 1974 1980 1986 1S92 1998 2004
F igu re 10 C han ging  m ean tem p eratures at d ifferen t locations in the U K  from  1914-2006  (Jen k ins et al., 
2007)
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2.6 C hapter Summ ary
There is a need to reduce GHG emissions throughout the world; this is now a widely 
accepted statement. In the UK, buildings are one of the primary energy users, in particular 
for space heating and cooling. Due to the predominant heating and cooling technologies 
used the resulting carbon dioxide emissions are considerable. BGESs, using heat pump 
technology seem to offer the potential to reduce emissions although this largely depends on 
the carbon intensity of grid electricity and the performance of the system installed.
It would seem that the application of BGESs has developed at a much quicker pace over 
the last few7 decades in other countries. The reasoning for this is complex but is linked to 
the relatively lowr cost of competing fuels, the high capital costs and the lack of knowledge 
in the UK.
This initial literature review has highlighted a number of areas that justify further research 
of BGESs, particularly in the application in the UK. These can be focused into three key 
theme areas:
1. The geology of the UK is varied and hence there is a need to understand how this 
may impact on the potential application and performance of both closed and open 
loop systems. Added to this is the known variance in climate throughout the 
country that affects not only the heating and cooling demands of a building but also 
the ground temperature.
2. Due to the relative immaturity of the technology in the UK there is a driver to 
understand during the design process the relative impact of UK specific influences
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such as climate change, the carbon dioxide factor applied for grid electricity and the 
energy prices assumed over the lifetime of the BGES. In particular due to the 
heating dominance of most UK buildings there would seem to be a need to review 
the application of bivalent or hybrid systems to reduce the initial capital cost. Due 
to the host company’s core business there is a good opportunity to explore the 
applicability to new non-domestic buildings rather than also attempting to cover 
both refurbishment and domestic properties.
3. Finally, further to research that has been completed on actual operational 
building performance, there would also seem to be a justification to investigate 
previous monitoring that has been completed on BGESs and to then monitor a 
number of case studies in the UK.
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3 Building Ground Energy Systems’ Literature Review
This chapter provides a more detailed literature review on each of the key themes noted in 
the background literature review. The chapter is split into three main themes:
1. Geology, Hydrogeology and BGESs
2. Key Aspects in the UK Design Process
3. Operational Performance
3.1 Geology, Hydrogeology and Building Ground Energy Systems
Due to the different nature o f closed and open loop systems it is logical to approach their 
respective ground related considerations in isolation. It is not within the scope of this 
dissertation to show the full derivation of theory by the referenced authors. However, 
referral to texts such as Kavanaugh and Rafferty (1997) and Banks (2008) provide a more 
detailed review and discussion. This section does however attempt to highlight the 
significant research publications that have culminated in the acceptance of certain key 
parameters that are significant in the design and simulation of BGESs. These are discussed 
along with referral to design assessment techniques and simulation programmes that have 
been accepted in the industry. Additionally, UK geology and hydrogeology, and ground 
and groundwater regulations are summarised within the context of each approach. At the 
end of each sub-section a summary is given, thereby outlining the implications for ongoing 
research and the significant gaps that will be approached in Chapter 5.
3.1.1 Closed Loop Systems
3.1.1.1 Geological Closed Loop Characteristics and Terminology
Two of the most pertinent points of reference for closed loop systems include Eskilson
(1987) and Hellstrom (1991). Although these texts almost solely concern the simulation of 
vertical systems they nevertheless confirm the main parameters that must be considered for 
all closed loop systems. Prior to this work at Lund University in Sweden, significant 
publications included Ingersoll (1955) and Carslaw (1959) which developed basic heat 
conduction theory that could be applied to this approach.
When designing a closed loop BGES there is an inevitable requirement to analyse the 
interaction characteristics of the heat pump and the ground. It is clear that the design of the 
ground loop heat exchanger (GLHE) must enable the heat pump to run to an acceptable 
performance level and also within safe limits specified by the manufacturer. Therefore, the 
temperature and flow rate of the fluid must not fall below (in heating mode) or rise above 
(in cooling mode) pre-determined limits.
Eskilson (1987) analysed three key parameters that must be considered to ensure the 
GLHE is designed correctly. These include the thermal conductivity, the borehole 
resistance and the ground temperature. Other less significant factors include the bulk 
volumetric heat capacity, considered in more detail in the work on ground heat storage by
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Hellstrom (1991), and the necessary existence of turbulent flow within the GLHE to 
maximise heat transfer (Eskilson, 1987).
Definitions:
Thermal Conductivity; X, (W/m.K} - the ease at which heat travels through the
the ground by volume.
Borehole Resistance; Rb [K/(W/m)] -  the thermal resistance between the circulating 
fluid and the ground
Ground Temperature: T [°C] -  this can be defined as the far field or undisturbed 
temperature.
Thermal conductivity and the specific heat capacity are interrelated by the thermal 
diffusivity,a, shown in [ 6 ].
The diffusivity hence becomes a measure of the ground’s capability to conduct thermal 
energy relative to its ability to store thermal energy.
De Paepe and Janssens (2003) presented equation [ 7 ], which provided a basic steady state 
solution for horizontal systems. This can be adjusted to take into account any fluctuations 
in the ground temperature nearer the surface and at the pipe wall. The equation connects 
the relative temperature of the fluid entering the GLHE to the main ground related 
parameter, the thermal conductivity. The specific heat capacity o f the ground is not 
considered here.
ground.
Volumetric Specific Heat Capacity, pgcg (kJ/m .K) -  the thermal heat capacity of
Tfj0ut Temperature of fluid leaving horizontal pipe (°C)
Twaii Temperature at pipe wall (°C)
Tfjn Temperature of fluid entering the pipe work (°C)
A Pipe surface area (m2)
h , Nu.Xf
h =  L
D
Nu Nusselt’s Number
Xf Thermal conductivity of fluid (W/mK)
D Diameter of pipe work (m)
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rrif Mass flow rate of fluid (kg/s)
Cf Specific heat capacity o f fluid (kJ/kgK)
Eskilson (1987) approached the vertical closed loop solution for fluid temperature, T, as a 
function of the radial distance (r), the depth below ground (x) and time (t), and using the 
base cylindrical heat conduction equation [ 8 ]. The thermal conductivity and specific heat 
capacity are both considered by way of the inclusion of the thermal diffusivity.
1 dT d2T 1 dT d2T
— .  =  — -  +   +  — -  [ 8 ]
a  dt dr r dr dx
a Thermal diffusivity (m2/s)
T Ground Temperature (°C)
t Time (s)
r Radial distance (m)
X Depth beneath ground (m)
Equation [ 8 ] was further developed adopting a corrective factor for the borehole 
resistance, to calculate the temperature on contact to the carrier fluid.
The primary work by Hellstrom (1991) and Eskilson (1987) focuses on the transport of 
heat by conduction in the solid material and groundwater. Heat transport by advection, i.e. 
groundwater flow, is neglected as it is site specific and, therefore, too difficult to 
generalise. Hellstrom does accept that high permeability soils and rocks could be affected 
by advection, and work by Chiasson (2000) investigated this further. The conclusions 
suggest that sites underlain by unconsolidated sands and gravels and highly fissured rocks 
exhibiting high hydraulic gradient would be affected. In such conditions advective heat 
transfer could help to naturally recharge the area in heating or cooling dominated loads. 
Conversely, if  there is strategic preference to seasonally store heat or coolth, the existence 
of significant groundwater flow would reduce the recovery efficiency. The analysis 
requires site by site consideration to review the hydraulic gradient.
Due to the complexity of the dynamic model for both vertical and horizontal systems, 
numerous simulation programs have been developed. These are covered in more detail on 
in section 393.1.1.3 on page 39.
Thermal Conductivity and Specific Heat Capacity o f  Soils and Bedrocks
The thermal conductivity and volumetric specific heat capacity of a soil or rock is 
determined by the mineral content, the porosity and the degree of saturation (Eskilson, 
1987). Clauser provides a detailed presentation of both theory and data on the thermal 
properties of different minerals, formations and saturated geomaterial (1995; 2007).
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The thermal conductivity of a number of common relevant minerals is shown in Table 1. 
The range in values is significant not just between minerals but also according to the exact 
structure, density and anisotropy of the same mineral. This help to explain the large range 
in values for the different minerals. The impact of saturation in higher porosity geology is 
then indicated by the relative thermal conductivity values of water and air, and the 
proportion and value of the solid material.
Table 1 Example thermal conductivities of common minerals
Mineral Thermal 
Conductivity, A 
(W/mK)
Temperature
(°C)
Reference
Diamond 895-1350 27°C (Clauser, 2007)
Quartz 3.52-10.2- (Clauser, 2007)
Calcite 3.16-3.63 (Clauser, 2007)
Feldspar: e.g.
- Albite 2.34 25°C (Clauser, 2007)
- Anorthite 2.72 25°C (Clauser, 2007)
Water ~0.6 10°C (Rogers and 
Mayhew, 1995)
Air -0.02 10°C (Rogers and 
Mayhew, 1995)
To demonstrate the variance in thermal conductivity due to mineral content, the example o f 
quartz content in plutonic rock is shown in Figure 12. The exact concentration of the quartz 
in the rock is not known for each of the samples but the range in values provides a good 
indication of the distinct influence in this type of rock. Equally, and to demonstrate the 
influence of porosity, Figure 13 shows the difference in thermal conductivity for low 
porosity and high porosity volcanic rocks. Here, high porosity rock has a lower thermal 
conductivity due to the greater percentage of water and/or air by volume.
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The thermal conductivity of a bedrock and soil can also vary according due to anisotropy 
i.e. the measured thermal conductivity may vary according to the axis of measurement.
This is less prominent in igneous rocks but can be significant in sedimentary and 
metamorphic rocks. Clauser also provides a good summary of data collected in this area 
(Clauser, 2007).
It is clear that there are inherent problems in specifying typical values for thermal 
conductivity for different geomaterials and site specific conditions. Indeed, there is a 
strong justification to conduct in-situ thermal response tests for every installation to 
improve accuracy prior to completing the design of a ground loop heat exchanger 
(Eskilson, 1987). However, at the start of the design process when no such test has been 
carried out there is still a need for “typical” values to be used. Also, since the test itself can 
be costly it may not be justified to carry out such a test for smaller domestic systems, rather 
it may be more cost effective to apply some form of safety factor (Banks, 2008).
The German Institute of Engineers has provided typical values in guidance documents 
(VDI, 2001). These values concur with data sets presented by Bose (1985), Sundberg
(1988), referenced in both sets of work by Eskilson (1987) and Hellstrom (1991), and also 
Clauser (1995). Using the VDI guidance the potential range for the thermal conductivity 
for the more prominent rocks and soils are shown in Figure 14 and Figure 15. The range in 
values for each geomaterial is now known to be a function of the specific mineral content 
and concentration, porosity and water saturation but it is also probable that the range also 
reflects the number of samples taken for each type.
Sandstone, in particular, has a wide potential range in thermal conductivity. Most sand 
grains are composed of quartz (Blyth and de Freitas, 1984) although the cementation can 
vary considerably by mineral type. For example, siliceous sandstones are cemented with 
quartz or cryptocrystalline silica whereas ferroginous sandstones are cemented with iron 
oxides such as haematite and calcareous sandstones, calcite. As stated in Table 1 Quartz 
has a thermal conductivity of 3.5-10.2W/mK whereas Haematite can be much higher at
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12.4W/mK (Clark Jr., 1966) and calcite lower at ~3.2 (Popov et al., 1999). The thermal 
conductivity of the differing cementing minerals, combined with differing porosity and 
moisture content suggests why there is such a range in thermal conductivity for sandstones. 
Hence, similar differing mineral content and porosity for other bedrock types will result in 
a range in thermal conductivity. A good example of the impact of porosity is shown in the 
difference between the typical range for sandstone and meta-quartzite. In both cases the 
main mineral constituent is quartz but the values for meta-quartzite are shown to be higher. 
Meta-quartzite has a much lower porosity. The rock has also metamorphosed providing an 
improved thermal conductivity due to the recrystallined structure which is a very compact 
quartzite.
Without knowing more information about the samples taken it is difficult to discuss in 
detail the reason for the absolute range for each bedrock and superficial deposit. At the 
time of writing the guidance provided by VDI (2001) seems to be the most applicable and 
widely accepted reference for the specific design of closed loop systems. There is limited 
data available for specific UK geology, such examples include work published by the BGS 
(Rollin, 1987) which provides some data for certain lithologies but the spatial coverage is 
limited.
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On first glance there are similar complexities with generalising the specific heat capacity 
although this parameter is not now influenced by anisotropic tendencies. The range in heat 
capacity for different minerals is also less pronounced although the effect of porosity and 
saturation is still significant (Clauser, 2007). This can be understood by reviewing the 
respective heat capacities for water, which is 4.15 MJ/mJK at 10°C, and dry air, at the same 
temperature, is much lower at 0.0012 MJ/m K (Rogers and Mayhew, 1995).
Using Kopp’s Law and assuming full saturation of the ground the volumetric heat capacity 
can be approximated using equation [ 9 ].
(pgcg ) = (l-(|))(psc s)+<|)(pwc vv) [ 9 ] (Schaetzle et al., 1980)
4> Porosity (-)
p2,s.w Density: ground, solid material, water (kg/m )
Specific heat capacity: ground, solid material, water (kJ/kgK)'g - S A V
The volumetric heat capacity for bedrock is shown in Figure 16, and for superficial 
deposits in Figure 17. The quoted range in typical values for bedrock is apparently non 
existent or small, with most rock exhibiting a volumetric heat capacity of 2100-2250 
kJ/m .K. Granite and Basalt are noted to be particularly high at 2450 and 2550kJ/m .K.
The suggested reason for this is that, although the porosity is low, the bulk density 
assumed in the calculation is higher than used in the other rock calculations thereby 
increasing the volumetric heat capacity. The results also suggest that few samples have 
been measured., R
Water has a higher specific heat capacity than all minerals so in saturated lithology a high 
porosity and moisture content can improve the specific heat capacity. Certain bedrocks 
exhibiting high ranges of porosity are therefore likely to produce corresponding differences
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in volumetric heat capacity. The data set published by the VDI does not show variation for 
certain bedrocks which either suggests a small data set and/or consistent porosity for test 
sample.
The effect of saturation is demonstrated by analysing the available data for superficial 
deposits. The suggested range in volumetric heat capacity for superficial deposits is led by 
peat which has a suggested range of 500 kJ/m K, for dry peat, to -3800 kJ/m K for higher 
porosity, saturated peat. For saturated superficial deposits the variance is less pronounced 
however, with low porosity clays having a heat capacity of 1600 kJ/m K to high porosity 
clays at 3400 kJ/nf K.
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Borehole thermal resistance description
Eskilson (1987) presented the basic equation for borehole thermal resistance, Rb [ 10 ]. The 
heat transfer rate is governed by the difference in temperature between the carrier fluid in 
the borehole and the ground temperature, and the thermal borehole resistance between the 
two. It therefore becomes important to reduce the borehole resistance within the limits of 
cost and practicability.
lbzI l  [10]
R b
q Heat transfer rate (W/m)
Tb,f Temperature:
b=outer borehole temperature, i.e. the ground. (°C)
f=carrier fluid (°C)
Rb Borehole resistance K/(W/m)
In vertical systems, the borehole thermal resistance is a function of the thermal 
conductivity of the pipe wall, grout and the flow regime in the pipe, but also the distance of 
the circulating fluid to the ground. In horizontal systems the thermal resistance is led by the 
pipe wall as no grout is used and the “fill” is generally the original cuttings from the 
trench.
Different possible borehole configurations are shown in Figure 18 . The ideal situation is 
shown on the right with the pipe work touching the borehole wall; in reality however the 
pipe work will assume a more central position which was accepted by Eskilson (1987).
Reality Ideal
Grout. Xp
Ground,
Carrier fluid, T>
Figure 18 Vertical Borehole Resistance, Probable Reality and Ideal
Research has been carried out regarding the grout thermal conductivity by various authors 
(e.g. Allan and Kavanaugh, 1999; Remund, 1999). This has highlighted the benefits of 
using thermally enhanced grout with a thermal conductivity higher than a simple bentonite 
grout which may be lower than 1 .OW/mK. As most saturated geomaterials exhibit a
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thermal conductivity greater than ~1.5W/mK, an enhanced grout including cement or 
silica, e.g. quartzite, can act to reduce the borehole thermal resistance. There is a cost 
penalty with adding such additives and there is as yet no agreed formula for specifying the 
optimum grout thermal conductivity. There is no real long term benefit in increasing the 
thermal conductivity past the bulk conductivity o f the geomaterial, and there are also 
respective marginal benefits in increasing the grout thermal conductivity to meet this 
value.
Ground Temperature
The undisturbed ground temperature within the region of interest for both horizontal and 
vertical systems is inherently linked to the air temperature. Table 2 below provides an 
overview of the average annual air temperatures throughout the UK from 2002-2007. The 
mean temperature is 9.6°C. The minimum is in North Scotland at 7.8°C and the maximum 
in East Anglia, the South East and Southern England at 10.9°C.
Table 2 Average annual air temperature throughout the UK (Met. Office, 2008)
Region
Mean Temperature 2002- 
2007 (°C)
UK 9.6
England 10.4
Wales 9.8
Scotland 8.2
N Ireland 9.6
Scotland N 7.9
Scotland E 8.0
Scotland W 8.9
England E & NE 9.7
England NW & Wales N 9.6
Midlands 10.2
East Anglia 10.9
England SW & Wales S 10.4
England SE & central S 10.9
The ground temperature nearer the surface can fluctuate throughout the year according to 
depth. To calculate the temperature nearer the surface, Carslaw and Jaeger (1959) derived 
the following equation [11] :
Twali(x,t) = Tm - T rapel-x(7c/365a)1/2Jcos|27i/365[t-t0 -x /2 (3 6 5 /7 ia )1/2|  [ 11 ]
T(x, t) undisturbed ground temperature (°C)
T mean annual temperature at the ground surface (°C)
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Tamp amplitude of the temperature fluctuation at the ground surface (K)
x depth below ground level (m)
a  soil thermal diffusivity (m /s)
t Time (0-8760hrs)
t0 phase lag (hrs)
By assuming typical values for the UK it is possible to plot the temperature at different 
depths throughout the year. An example set of profiles is shown in Figure 19. The values 
used in [ 11 ] are as follows:
A, SK
x 0, 1.0. 2.5 and 5m. below ground level
a  0.001m2/s [(pc)g = 2,000kJ/m3.K, A=2W/mK]
t 0-8760hrs
/0 lhr = 1 st of January: time of lowest temperature
At a depth of lm  the temperature fluctuates between 5.7 and 14.3°C compared to the 
surface variation of 2.4 to 17.6°C. With depth the temperature amplitude reduces 
considerably where, in this example, the fluctuation is negligible at 5m below ground level. 
A higher thermal conductivity and low specific heat capacity can increase the amplitude at 
depth relative to geology with a lower conductivity and high specific heat capacity.
—a— Monthly Average Air 
Temperature
—♦— 1.0m below ground level 
2.5m below ground level 
5m below ground level
F igure 19 E xam ple F luctuation  in ground tem p eratu re w ith  depth
For vertical systems the undisturbed ground temperature at a certain depth is a function of 
the average annual air temperature and thermal gradient (Eskilson, 1987). The typical
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length of a vertical system is >40m; therefore any temperature fluctuations in the near 
surface geology will have a negligible effect on the bulk borehole temperature (Eskilson,
This can be transposed to give the thermal gradient, equation [ 13 ].
Therefore, the thermal gradient is a function of the heat flux (Q/A) and the thermal 
conductivity (X).
From Figure 20 it can be seen the heat flux varies throughout the country. Particularly high 
values are present in the south west but elevated values are also shown in the north east.
1987).
The thermal gradient can be calculated using Fourier’s law, equation [ 12 ].
[ 12 ] (Banks, 2008)
X Thermal Conductivity (W/mK)
Q Heat flux (W/m)
A Area (m2)
Thermal gradient (K/m)
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Added to the range in thermal conductivity indicated in Figure 14 and Figure 15, it can be 
deduced that the thermal gradient will also vary from location to location. Whieldon and 
Rollin reported in Downing and Gray (1986) that this could range from 0.015 to 0.04K per 
m in the UK although it is unclear how this assessment has been made.
Using [ 13 ] the undisturbed temperature T(t=o) can be calculated using [ 14 ].
x  x  d0Tt=0 — m + T ~ Xdx
[ 14] (Banks, 2008)
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3.1.1.2 Design Assessment and Techniques
From 3.1.1.1 it can be seen that the thermal conductivity, specific heat capacity and ground 
temperature are all site and location dependent factors. In comparison, the borehole 
thermal resistance and flow regime in the pipe work can generally be controlled by the 
designer regardless of location.
The desktop design of closed loop systems is complicated by the range in thermal 
properties and porosities that are possible for different soil and rock types. For vertical 
systems the exact strata and rock type may vary throughout the length o f the borehole(s). 
For horizontal systems the degree of saturation will vary throughout the year.
For vertical systems in the UK saturation can generally be assumed for the majority of the 
borehole length (Rawlings, 1999). In horizontal systems the saturation cannot be assumed 
throughout the year. However, during the winter, and therefore the dominant heating 
season, the precipitation is likely to be greater and evaporation lower leading to greater 
saturation. In the cooling season, unless the site experiences a high water table throughout 
the year complete saturation cannot be assumed, which will lead to reduced thermal 
conductivity and specific heat capacity.
In the UK the lithology type can be initially estimated using geological maps, memoirs and 
nearby borehole logs obtained from the British Geological Survey. Borehole logs are not 
generally detailed enough to enable the calculation of the porosity and exact mineral 
content although it is possible to distinguish between main soil and bedrock type. Memoirs 
may provide more detail on the mineral content but without porosity or water table height.
At the desktop stage, typical values for thermal conductivity and specific heat capacity 
could be initially used with appropriate caveats. It is now understood that the ground 
temperature can be estimated using local meteorological data, and suitable equations to 
account for depth, thermal conductivity and thermal gradient. Eskilson (1987) suggests that 
adopting a bulk ground temperature and respective average thermal properties for the 
entire borehole length is acceptable. The bulk temperature is defined as the average ground 
temperature along the length o f the borehole. The average thermal conductivity can be 
estimated by weighting the thermal conductivity according to the differing lithology along 
the length of the borehole. For horizontal systems the ground soil or rock type along the 
ground loop heat exchanger (GLHE) is unlikely to differ although the saturation 
throughout the year may change according to local weather patterns and the water table 
height.
Thermal response tests (TRTs) offer a way to measure in-situ thermal properties at a site 
(Eklof and Gehlin, 1996; Austin et al., 2000; Witte et al., 2002). The theory has been well 
developed over the past 10 years and from the authors research numerous companies in the 
UK offer the facility, e.g. Earth Energy (www.earthenergy.co.ulO and Geothermal 
International (www. geothermalint.co.uk). Guidance is available from such organisations as
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IGSHPA2 and ASHRAE3. However, this is still a costly exercise to undertake versus a 
desktop study and laboratory techniques are hence being researched to reduce the cost of 
in-situ testing (Clarke et al, 2008).
As the heat transfer is a dynamic process throughout the year there are also concerns to 
assess the size of GLHE required to meet certain building loads. For smaller systems, i.e. 
<30kW, “rules o f thumb” heat abstraction rates may be applied assuming typical heating 
only profiles for buildings (VDI, 2001).
Such examples, are;
Horizontal:
Ground Type Water saturated sand/gravel
1800 hrs of heat extraction 40W/m2 of trench
2400hrs of heat extraction 32W/m2 of trench
(parallelpipe work in a trench o f  1.2-1.5mbgl)
Vertical:
Ground Type Water saturated sand/ gravel
1800 hrs of heat extraction 65-80W/m of borehole
2400hrs of heat extraction 55-65W/m of borehole
(borehole spacing o f  5-6m)
(VDI, 2001)
Therefore, for a heat abstraction load of 30kW, a horizontal system would require pipe 
work laid in 750-93 8m of trenching, whilst a vertical borehole system would require a 
cumulative length of 125-182m. This highlights obvious areal differences between 
horizontal and vertical systems and for this reason vertical systems are often favoured for 
non-domestic properties where external area is limited.
However, various texts suggest that simulation is essential for non conventional heating 
profiles, and/or heating and cooling systems (Kavanaugh and Rafferty, 1997; VDI, 2001; 
Banks, 2008). For larger systems, simulation is also specified as a necessity to assess the 
long term interaction of a multiple borehole configuration or horizontal array.
Techniques have been developed for conventional site investigations to enable drilling 
vertical boreholes in any type of geomaterial although the cost may vary according to time 
and method used (Clayton et al., 1995). For horizontal systems; it is not practicable to 
install in stronger rocks, e.g. granite and quartzite. This is due to the cost and time to create
2 IG SHPA -  International Ground Source Heat Pump A ssociation
3 A SH R AE -  Am erican Society o f  Heating, Refrigerating and A ir-Conditioning Engineers
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the required trench. Such systems are probably limited to weaker sedimentary rocks and 
superficial deposits.
3.1.1.3 Computer Simulation
Rawlings completed a literature review of all the closed loop software packages 
commercially available (Rawlings, 1999). Thirteen software packages were identified 
ranging in complexity and possible application to residential or commercial projects, and 
horizontal or vertical GLHEs.
The most complex software packages such as TRNSYS require a detailed breakdown of 
the system and extensive user experience in order to complete accurate simulations. At the 
other end of the spectrum RETScreen offer a free to download MSExcel based program 
which requires a number of user assumptions regarding the efficiency o f the heat pump and 
the ground conditions (NRC, 2006).
There are a number of commercially accepted programs that balance complexity with ease 
o f use. In particular the work of Eskilson and Hellstrom led to the creation of the software 
program Earth Energy Designer (EED) for vertical systems. The underpinning algorithms 
and theory has also been adopted for a similar package named GLHEPro (Spitler, 2000). 
For horizontal systems, the program GS 2000 (Morrison, 1997) is available; this was 
created by Natural Resources Canada, a Canadian government organisation. These 
programs typically allow for the input and specification of the following:
Ground Parameters'.
Bulk Thermal Conductivity and Volumetric Specific Heat Capacity
Undisturbed Ground Temperature
Vertical Borehole Parameters (EED and GLHEPro):
Borehole Thermal Resistance
Borehole Dimensions
Borehole Spacing
Flow Rate
Horizontal Systems (GS2000):
Trench Depth
Pipe work type: slinky (spiral), parallel 
Pipe work spacing 
Building Heating and Cooling Parameters:
Monthly Heating and Cooling Peak (lcW)
Monthly Heating and Cooling Energy (kW)
Simulation:
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EED/ GLHEPRO -  Maximum -  lOOyears
GS2000 -  Maximum -  20years
GLHEPro has additional ability to attach manufacturers’ heat pump performance curves to 
review efficiency and annual electricity input required by the heat pump with differing 
heating and cooling GLHE flow temperatures.
3.1.1.4 UK Geology and Regulation
The surface geology has already been shown to be variable in Figure 9.
Reference to the geology noted in this figure remains valid for horizontal systems but due 
to the depth o f vertical closed loop systems there is a need to review the general deeper 
geology. In Figure 21 the superficial deposits are shown to be less than 10m in thickness 
throughout the majority o f Great Britain, no data is given for Northern Ireland.
The underlying bedrock, see Figure 22, then becomes the predominant geomaterial to 
consider for a vertical borehole. The dominant bedrock in England and Wales is 
sedimentary rock, which is made up of mudstones, sandstones and limestones. Igneous and 
Metamorphic rock are dominant in Scotland and Northern Ireland.
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At the time of writing the Environment Agency had published but not confirmed their draft 
policy regarding the installation of closed and open loop systems (EA, 2007).
At present a permit is not required to install or operate a closed loop BGES, although due 
to the planning process the EA do have an opportunity to intervene and specify certain 
precautions are taken; e.g. if hazardous substances are to be used, as highlighted in List 1 
of the Groundwater Regulations (EA, 1998). Two popular fluids used in closed loop 
systems, propylene glycol and ethylene glycol, are not quoted as hazardous substances in 
List I.
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3.1.2 Open Loop
This section firstly introduces some of the hydrogeological terminology most commonly 
used in the consideration of open loop systems. Secondly, an overview of the primary 
design considerations is provided including site assessment, initial energy calculations and 
simulation techniques. Finally, a brief introduction is given to UK regulation and the 
hydrogeological resource.
3.1.2.1 Hydrogeological Open Loop Terminology and Characteristics
Most groundwater comes from rainwater and melting snow and is known as meteoric 
groundwater and reaches the aquifer by way of infiltration and percolation (Blyth and de 
Freitas, 1984). The groundwater then flows naturally towards rivers, lakes and the sea 
where upon evaporation occurs allowing for the consequent precipitation of water back to 
land mass. This is known as the hydrogeological cycle.
It is clear that the potential for an open loop scheme is initially dependent on the existence 
of an aquifer beneath the site. The simple definition of an aquifer is a body of rock or soil 
that holds water and can transmit water easily; those rock and soil bodies that do not 
transmit groundwater easily are termed aquicludes (Todd and Mays, 2005). The term 
aquitard has also become more common in place of aquicludes to define a stratum that 
exhibits less permeable geomaterial but water abstraction is nonetheless considered 
uneconomic.
A more useful definition of an aquifer in the well water industry is that an aquifer is 
permeable enough to yield economic quantities of water to wells, whereas aquicludes are 
not” (Freeze and Cherry, 1979). Taking this one stage further, and hence in the context of 
open loop systems, the aquifer must yield sufficient economic quantities to contribute to 
the heating and/ or cooling system in a development (Banks, 2008).
The key parameters to assess a groundwater resource in the first instance are the hydraulic 
conductivity, permeability, storativity and the transmissivity.
Hydraulic Conductivity (K [m/s]); the speed at which ground water passes through 
an aquifer
Intrinsic Permeability (k[m2]); describes the hydraulic conductivity of the geo­
material irrespective of the fluid
Specific Storage (Sfm ]) ; the volume of water that a specific area of aquifer 
releases with respect to a unit drop in head
Transmissivity (T[m2/s]); the quantity of water that an aquifer o f a certain thickness 
can transmit horizontally.
The derivation and interrelationship of the different terms is described in numerous texts 
(e.g. Blyth and de Freitas, 1984) and is beyond the scope and intentions o f the literature 
review. Ultimately, the most important and overarching engineering and economic factor
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to assess for an open loop system is the actual possible yield from the aquifer (Kavanaugh 
and Rafferty, 1997; VDI, 2001).
There are two main types of aquifer; confined and unconfined. A confined aquifer is 
confined between tw'o impermeable layers whereas an unconfined aquifer is an aquifer in 
which the water table forms the upper boundary (Freeze and Cherry, 1979). Also there are 
twro main aquifer formations, consolidated fractured bedrock and unconsolidated deposits. 
Fractured bedrock systems are typified by chalk, sandstones and limestones and 
unconsolidated deposits, sands and gravels. Certain consolidated bedrock, such as 
sandstone, sometimes allow groundwater flow through the bedrock mass. Aquifers, as with 
all geological strata show differing levels of homogeneity so properties can vary 
considerably for the same geological type, e.g. limestone, from location to location and 
also, within a certain site boundary.
Groundwater is held in voids in the strata, as shown in Figure 23, in unconsolidated 
aquifers, and in Figure 24, for fractured bedrock systems. Well sorted unconsolidated or 
intergrannular aquifers often have more homogeneous properties than fractured bedrock 
aquifers wiiere the occurrence of fractures or fissures follow's a more random pattern. This 
latter point has relevance w'hen completing a desktop study, and then during the design and 
construction phase as the yield becomes dependent on the intersection of the well screen 
with a number of fractures.
F igure 23 U n consolidated  and In tergran u lar  F igure 24 C onsolidated  F issured B ed rock  
A quifer System  A qu ifer System
An aquifer resource is often reviewed on 3 scales, a single well, the aquifer or the entire 
basin. The latter is not largely of concern for open loop schemes as this generally covers a 
very large geographical area.
Freeze and Cherry (1979) provide useful definitions of the well and aquifer yield:
Well Yield can be defined as the maximum pumping rate that can be supplied by a 
well without lowering the water level in the well belowr the pump intake.
Aquifer Yield can be defined as the maximum rate of withdrawal that can be 
sustained by an aquifer without causing an unacceptable decline in the hydraulic 
head in the aquifer.
The aquifer yield is largely of concern to the regulating authority who, aside from wanting 
to protect the water quality, are concerned with protecting the collective rights of all 
existing users in the area.
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When groundwater is pumped from a well the water level begins to drop causing what is 
known as drawdown and a cone of depression, see Figure 25. Furthermore, with multiple 
wells there is a need to consider the compound drawdown, i.e. the combined impacts of 
groundwater abstraction, see Figure 26 .
C one o f  depression
Groundwater level prior to pumping
G roundw ater level during  pumping
Figure 25 Well Drawdown
Compound
Drawdown Groundwater level prior to pumping 
Groundwater level due- to individual well abstraction 
Compound groundwater level
Figure 26 Compound Drawdown
To understand the radius of the drawdown from a single well, Theis [ 15 ] provided a 
solution which is similarly time dependent and relate the key aquifer parameters (Freeze 
and Cherry, 1979). This can be modified to consider the compound drawdown.
Theis Equation:
Q , [ 1 5 ]
s = ■
4ttT
W (u)
u = r^S
4Tt
s = Drawdown (m) 
u= Dimensionless time parameter 
W(u) Well function 
Q= Pumping rate (m /s) 
r= Radius to observation point (m)
t= Length of pumping time (s)
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On discharge back to the aquifer the drawdown effect is reversed whereby the water table 
height will increase. Hence, there is then a requirement to analyse the maximum height to 
prevent the occurrence of flooding either above ground (Banks, 2008) or within 
surrounding underground structures. Discharge is also possible to local surface water 
bodies and/or the sewer system. On considering discharge back to an aquifer the Theis 
equation remains valid although the abstraction rate term is now negative.
The main assumptions of using the Theis equation are as follows:
© The aquifer is homogenous, isotropic and confined
© The well is fully penetrating through the aquifer
© The well has no radius, i.e. it is considered as a vertical line
© The aquifer has an infinite radius
© The upper and lower boundaries are horizontal and impermeable
© Groundwater flow through the aquifer is horizontal
© In the base case, there are no other nearby abstracting wells
Although these conditions are very rarely all met the solution is still considered useful in 
the absence of more complex calculations that may require details about the aquifer that 
are not yet available or indeed practically impossible to source and identify.
In summary, if  a number of wells are proposed at a site an assessment must be made of the 
minimum distance between wells to maximise the economic abstraction from the aquifer, 
and if necessary discharge back to the aquifer.
Once an understanding of the well yield has been established, a further consideration is the 
hydraulic gradient. This is of particular interest when considering heat transport through 
the ground and the application of either an aquifer thermal energy storage (ATES) or 
mono-directional system. A mono-directional system is one where water is abstracted from 
an abstraction well and once heat is rejected or abstracted from the water, it is then 
discharged via an injection well. ATES systems allow for the reversing of the flow so 
depending on the mode each well either acts as an abstraction or injection well.
For both ATES and mono systems there is a need to ensure that thermal short circuiting 
does not occur or is at least minimised. For ATES systems, where there is a desire to 
seasonally store heat a significant hydraulic gradient can inhibit the efficiency of 
abstracting “stored” heat and coolth4. Therefore, if  a significant hydraulic gradient is 
present then firstly an ATES system is unlikely to succeed and secondly, for a mono
4 Coolth -  a term used in B uilding Services to describe the generation or storage o f  a low  temperature 
resource suitable for cooling a building
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system the well must be arranged so groundwater is discharged “downstream” into the 
aquifer.
Thermal energy is stored both in the ground water and aquifer material and hence the 
volumetric heat capacity is a function o f the porosity and the thermal properties o f the 
respective fluid and solid material (Schaetzle et al., 1980). Further background, derivation 
of velocity and time dependent formulae and validation is provided in Schaetzle (1980) 
and Dickinson (2008). Due to the complex dynamics of heat and coolth rejection into the 
aquifer throughout a year, the consideration requires simulation using an appropriate 
software package listed in 3.1.2.3.
3.1.2.2 Design Assessment and Techniques
Kavanaugh (1997) suggests the successful design of an open loop BGES requires a 
“chicken and egg” approach due to the requirement to link the yield with the building 
loads. A successful scheme will typically include the following:
© Establishing the required and available groundwater flow rate at the site.
© Completing and testing the production well for the system -  preferably before final 
mechanical design
© Selecting a production well pump
© Selecting a heat exchanger
The required groundwater flow rate is a function of the maximum heating and cooling 
capacity, i.e. in kW terms. This can initially be calculated using [ 1 ] - [ 5 ].
In the UK the available groundwater at a site can be initially estimated by using a mixture 
of desktop resources such as borehole and well logs obtained from the BGS5, local 
memoirs and maps and reports, for example, issued by IGS (1977), BGS (1987) and Allan
et al (1997). The focus of attention for such resources are “productive” aquifers as
highlighted in Figure 28 on page 51. These desktop resources provide data to estimate the 
yield either indirectly by using formulae that associate the key parameters noted in 3.1.2.1 
or by providing empirical evidence of actual yields obtained in the vicinity o f the site or 
from the aquifer type.
An initial calculation on the volumetric well yield can be made using Logan’s 
approximation, [ 16 ] (Banks, 2008):
. o
V  Volumetric wells yield (m /s)
T Transmissivity (m Is)
5 B G S - British G eological Survey
Page 47
James Dickinson Final Dissertation
s Drawdown (m)
This can be adjusted to account for possible well losses due to turbulent flow and resultant 
hydraulic resistance caused, for example by the well screen, see [ 17 ] (Misstear et al., 
2006).
This is commonly used to make an initial assessment but should be replaced during 
detailed design using more detailed information about the aquifer and preferred well 
design.
Further to desktop calculations it is possible to also carry out laboratory tests using samples 
from a borehole located on site or piezometric tests based on very short almost 
instantaneous introductions or abstractions of water into a borehole (Freeze and Cherry, 
1979). The next level of assessment is a pumping test. There is an inevitable natural path of 
assessment in correlation to cost; desktop studies being the least cost through to a full scale 
pumping test being the most expensive.
If the groundwater is to be injected back into the aquifer there is then a need to consider at 
what distance hydraulic and thermal interaction between the wells may occur. Theory has 
been developed for mono-directional systems and is detailed in such texts as Kavanaugh 
and Rafferty (1997) and Banks (2008). Schaetzle (1980) details the derived theory for 
ATES systems.
The ideal method of calculation is ultimately through computer simulation although there 
are techniques that enable initial assessment for mono-directional systems prior to time 
intensive simulation. One such technique is that published by Kazmann and Whitehead 
(1980). The method requires some basic knowledge of the aquifer, including the porosity, 
the aquifer thickness and the average abstraction rate. This is then linked to further initial 
data on the dominant building load to calculate the required well spacing. Kazmann and 
Whitehead published the spacing results in tabular form for a range o f aquifer depths, 
porosity and well yield, allowing for interpolation and extrapolation as completed by 
Kavanaugh and Rafferty (1997). Example data is shown graphically in Figure 27 for
• f\dominant load periods of 100, 140, 210 and 280 days. An example interpretation is shown 
on the graph; for an average abstraction rate of 101/s for a dominant load period o f 100,
140, 210 and 280 days the well spacing required to prevent thermal short circuiting is 84, 
99,117 and 141m respectively. This seems like a useful method for initial desktop studies 
prior to the completion of a more detailed computer simulation.
6 Dom inant load period -  this is the length o f  tim e in days o f  the dominant heating or cooling  load.
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Further to the consideration of the required and available yield, is the groundwater quality. 
VDI (2001) provide a summary of the chemical analysis required to input into the design 
process. Key aspects to consider and to minimise going forward include the release of CO2 
which can cause calcium carbonate scale and, oxygen content, which if too high can cause 
oxidisation of metals such as ferrous iron and manganese. Techniques are available to 
overcome such issues (Kavanaugh and Rafferty, 1997; VDI, 2001; Banks, 2008). 
Kavanaugh and Rafferty (1997) also provide further guidance on the well pump and heat 
exchanger selection.
In the UK there is a requirement prior to applying for an abstraction licence that a pump 
test is completed, which can be an expensive investigatory technique. Additionally, 
satisfactory simulation of the heat transport using an appropriate software package as 
suggested in 3.1.2.3 is also needed. There is the potential thereby to undertake a desktop 
survey to understand the site’s hydrogeology to first assess the potential prior to triggering 
a full site investigation and simulation.
3.1.2.3 Computer Simulation
Due to the inherent complexity of modelling open loop systems, there are a number of 
software simulation programs available for use by hydrogeologists. The software packages 
that have been identified are as follows:
© FEFLOW (www.feflow.info)
» HST3D (wwwhiT.cr.usgs.gov/proiects/GW Solute/hst)
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© SHEMAT (www.geophvsik.rwth-aachen.de/html/shemat.php')
Such programs, not only enable the key parameters and multi-well systems to be 
considered but also have necessary additional capability (Banks, 2008), as follows:
© Ability to consider the inevitable heterogeneity of an aquifer.
© Allow for dynamic heat and coolth pulses through the year and the lifetime of the 
building.
© Consider potential impact on other nearby abstractors.
These software programs are necessarily complex and require an experienced 
hydrogeologist to design and interpret models effectively.
3.1.2.4 UK Hydrogeology and Regulation
Figure 28 shows an overview of potential aquifer productivity throughout the UK. This 
map formulated by a review of over 105,000 water wells and local bedrock attempts to 
distinguish between different types of rock so an initial estimate can be made of a local 
area (Jackson, 2004b). Even without further calculation it is clear from Figure 28 that the 
UK has limited potential for open loop systems by virtue of the available groundwater 
resource. Some regions therefore have very little or no scope for the application of open 
loop systems.
Definitions of the classifications used by the BGS were provided through personal 
communication with Andrew McKenzie at the BGS (2007).
Productive: Boreholes may yield over 201/s 
Moderate: Boreholes may yield over 5 1/s 
Limited: Boreholes likely to yield over 0.5 1/s 
Unproductive: Boreholes likely to yield less than 0.5 Vs
The map is generalised and the yields achieved will inevitably show some internal 
variability, nonetheless, it is unlikely that those areas identified as having limited or local 
yields could support a significant open loop system for a non-domestic building. Even 
those areas with moderate or productive potential may prove uneconomic or indeed, site 
spatial limitations might prevent significant contribution to a buildings heating and cooling 
loads. What has also been intimated by initially reviewing publications by the IGS (1977), 
BGS (1987) and Allen (1997) is that the heterogeneity of fissure flow aquifers in the UK 
may exhibit huge ranges in yield dependent on well connection with major fractures in the 
strata.
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The abstraction of groundwater in the UK is governed by the Water Resources Act 1991. 
The aquifers of the UK are monitored and regulated closely by the respective agencies for
7 8 9England and Wales , Scotland and Northern Ireland to ensure that they are not unduly 
overused or contaminated. For quantities over 20m /day an abstraction licence is required 
which will consider the site specific circumstances including the presence of existing 
licence holders in the vicinity (EA, 2005; 2007). If the intention is to discharge to a natural 
water body, e.g. the same aquifer as abstracted from or a surface water body, then a 
discharge consent from the EA is also needed. This is because the heated or cooled 
groundwater is considered a thermal effluent.
' England and Wales groundwater protection and regulation -  Environment A gency (EA)
8 Scotland groundwater protection and regulation -  Scottish Environment Protection Agency (SEPA)
9 Northern Ireland groundwater protection and regulation -  Northern Ireland Environm ent A gency (NIEA)
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3.2 Key Aspects in the BGES Design Process
This section of the literature review strives to provide an insight into some of the potential 
key aspects specific to the design of BGESs in the UK. There is not an intention to review 
in detail the engineering controls, systems and peripheral plant that require due 
consideration during detailed design. These are seen as more universal optimisation issues 
relevant for BGESs regardless of location or country.
3.2.1 Building Heating and Cooling Assessment
One of the key requirements in sizing a BGES is to understand the operational peak 
capacity and hour to hour energy profile (Banks, 2008). Aside from this technology 
specific need, building engineers and designers are now required by law to review the final 
energy use in building in more detail to minimise the resulting emissions of CO2 (ODPM, 
2006a). For the latter reason the accuracy of pre-build energy assessments is now under 
increased scrutiny.
Perhaps the most popular and simplest method to estimate the future energy use o f a 
building, especially at the early design stages, is through the use o f benchmarks from 
industry literature. This method generally uses area specific energy data from a number of 
existing buildings, partitioned into different sectors such as education, retail, hotels and 
residential. Benchmark figures such as those provided by CIBSE10 and ASHRAE11 are 
usually based on existing buildings which may differ from those constructed using 
alternative materials, design philosophies and occupancy profile assumptions. Hence, the 
benchmarks are rarely representative of the building in question and are only indicative by 
definition.
The Simplified Building Energy Model (SBEM) was devised by the Building Research 
Establishment (BRE, 2007) to enable users to carry out the calculations required under the 
National Calculation Methodology for compliance with Article 3 o f the European 
Performance in Buildings Directive (EPBD, 2002). The degree days method is described in 
various literature such as CIBSE (2006). Both these methods are also generally considered 
too simplistic for more complex non-domestic buildings where the building shape, fabric 
and occupancy are not universal.
Thermal models are increasingly being used in the built environment to help designers and 
engineers understand how changes in the layout, fabric, lighting and heating and cooling 
strategy can influence the resulting energy requirements of the building. This would seem 
like an ideal scenario, however these studies inevitably require inputting a number of 
assumptions about the building fabric and final use which may not always correlate once 
the final building is commissioned and is operational. Added to this is the fact that 
simulation programs range in complexity (Crawley et al., 2008). Even when the user input
10 CIBSE -  Chartered Institution o f  Building Services Engineers
11 A SH R A E - Am erican Society o f  Heating, Refrigeration and A ir-conditioning Engineers
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into each program is verified by different parties the results not only differ to empirical 
data but also when compared with other software packages (Lomas et ah, 1997). CIBSE 
have suggested that although thermal models are generally good at reviewing comparative 
design features, they are poor when predicting absolute energy use (CIBSE, 2004c). For 
example, they do not always consider realistic plant operation and parasitic losses, and 
hence, can provide over optimistic predictions.
These design variations are put into added context when considering the results of post 
occupancy evaluations for a number of new academies in the UK (Pegg. I. et al., 2007) and 
other so-called low energy buildings that have been monitored (Bordass et al, 2001). In 
these studies the measured energy use was seen to vary considerably and was greatly in 
excess o f expectations, usually due to over ambitious energy reduction predictions or poor 
commissioning. In addition, the actual operational hours of the building were often found 
to be different to the predicted schedule.
3.2.2 Climate change
To enable the effects of climate change on the buildings space heating and cooling loads to 
be considered reference has been made to the following documents:
1. United Kingdom Climate Impact Programme (UKCIP) (Hulme et al., 2002)
2. Beating the Heat: Keeping UK Buildings Cool in a Warming Climate (Hacker et 
al., 2005)
Hulme et al (2002) published an overview of four future weather scenarios which depict 
the changing climate in the UK up to the 2080s based on low, medium-low, medium-high 
and high emissions projections. Hacker et al (2005) provided an overview o f how the 
changing climate, and the scenarios put forward by Hulme may effect the built 
environment. As the title suggests there is a focus on rising temperatures and the impact on 
comfort levels in buildings and space cooling demands. The scenarios were used to 
construct data files from test reference year (TRY) weather files commonly used in 
building simulation programmes. The morphed files were then used to analyse cooling 
demands for the 2020s, 2050s and 2080s in four case study buildings. In particular, the 
buildings were used to demonstrate how rising temperatures can cause some passively 
cooled buildings to severely overheat in future decades. Interestingly, high thermal mass 
buildings seemed to inhibit night time purging of heat in some of the later scenarios as 
diurnal decreases in temperature during summer nights were not great enough. Hence, high 
thermal mass tended to restrict low energy cooling.
A tool constructed by Southampton University named WeatherGen (Jentsch et al., 2008) 
enables the generation of weather files for the different scenarios from the UKCIP02
• 9 »report. This tool automates the morphing process for 25km grid locations in the UK using 
TRY files periodically published by CIBSE and morphing files published by UKCIP in 
2002. The generated files can then be used in building simulation package to calculate the 
energy load in the building.
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3.2.3 Carbon Dioxide Emissions from Electricity and Gas
The electricity generation mix generally changes in each country as a result of fluctuating 
fossil fuel markets, new technology and more recently as a result o f international, regional 
and national commitments to reduce the emission of green house gases (GHGs) such as 
CO2. The CO2 intensity is particularly relevant in the generation of electricity in the UK 
due to the historical and current reliance on using fossil fuel powered thermal power plants 
(BERR, 2008a). Due to initiatives such as the Kyoto protocol and EU administered targets 
pressure is being exerted on the UK to reduce carbon emissions. As electricity generation 
is one of the major polluters in the UK (DTI, 2007b) the government has attempted to 
move to more efficient plant and less carbon intensive sources of electricity. This is 
reflected in the downward trend in carbon intensity as shown in Figure 29 although part of 
this reduction is inherently linked to the movement to gas generating plant due to the low 
cost of this fuel versus other alternatives.
From 1970 the system average intensity has decreased from 1.07 to 0.557 kgC02 per
19kWhe in 2007. The system average has however remained relatively constant from 1996 
at approximately 0.54 kgCCV kWhe.
1.2
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Figure 29 Historical Carbon Dioxide Intensity of Electricity in the UK (MTP, 2007; BERR, 2008a)
1 ^Due to new Building Regulations instructed by the CLG in 2006, building designers are 
required to calculate the total CO2 emissions for the first year of occupancy using static 
CO2 factors for electricity, oil and gas quoted in respective publications (CLG, 2006). 
Some of the quoted figures, in particular for electricity related emissions, are different to 
the figures quoted and calculated using data from other government departments such as 
DEFRA14 and the DTI15. The latter government department is more recently referred to as
12 kW hee = kW h o f  electricity.
13 CLG -  Communities and L ocal Government Department
14 D EFR A  -  Department for the Environment, F ood and Rural Affairs
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the DBERR16 with climate change and energy matters now being dealt with by a new 
department, the Department for Energy and Climate Change. In comparison the CO2 
intensity of gas delivered to a heating system is widely accepted to be -0.194 kg CC^/kWh 
(CIBSE, 2004c).
Factors for electricity range from the long term average factor supplied in the Part L 
building regulations, 0.422 (CLG, 2006), to the 2007 system average of 0.557 kg 
C02/kWhe (BERR, 2008a). DEFRA state that a rolling average is used for year on year 
company reporting, for the period 2001-2005 this equated to 0.53 kgCCL/kWhe, whilst 
also using a future long term average value of 0.43 for building projects, such as zero 
carbon homes or new business premises (DEFRA, 2007b). This latter factor is also used 
for Climate Change Agreements (CCAs).
Whilst there is some agreement that both a short term and long term factor should be used 
there is no clarity on what basis these factors have been calculated. For example, over what 
time period do the factors remain valid; a new building may include passive design 
features that will last over the lifetime of the property, whilst other features such as active 
heating and cooling plant will have a much shorter life cycle. Additionally, there is an 
assumption that decarbonisation of grid electricity will occur; this is in spite o f the fact that 
the carbon intensity has not decreased over the last ten years. Hence, they do not attempt to 
account for the range in possible dynamics of the grid mix.
Added to the contention regarding the correct carbon dioxide intensity is the need to under 
stand the short term diurnal variations. Data published by DEFRA and DBERR represent 
what is defined by Hitchin and Pout (2002) as the “system average” over the period in 
question. They do not therefore take into account the “marginal” or “incremental” 
production at different times of the day or year as demand fluctuates. Bettle et al (2006) 
expands the consideration by reviewing the application to differing applications to show 
how the incremental intensities can be as much as 50% higher than the system average.
When considering the incremental carbon dioxide emissions o f BGESs there are in 
summary, perhaps, two salient issues to contend with:
o Short term: the emissions at the time of use, i.e. considering the current
generation mix and marginal production; and
« Long term: The changing electricity generation mix over time, as new
centralised and decentralised electricity generation plant are introduced.
Both Bettle et al (2006) and Hitchin and Pout (2002) consider an equal mix o f the two 
temporal impacts when calculating the incremental intensities for practical purposes.
15 DTI -  Department for Trade and Industry
16 D BE R R  -  Department for Business, Enterprise and Regulatory Reform
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The importance of using an appropriate intensity factor is particularly significant in heating 
mode for BGESs when gas fired plant, assuming a seasonal efficiency of 85% and a gas 
intensity of 0.194kg CO2/ kWh of gas used, emits -0.228kgCO2/kWhth. This suggests that, 
using the Part L factor of 0.422, that a minimum coefficient of performance (COP) of only 
1.85 is needed to provide an improvement versus the dominant conventional gas heating in 
the UK. Conversely, using the current system average of 0.557 the minimum COP required 
increases to 2.44. Also, using a marginal factor at 50 % higher than the current system 
average suggests that the minimum COP would need to be 3.27. In cooling mode the 
BGES simply has to out perform the conventional cooling plant to achieve a saving 
although the absolute emission reduction will still be linked to the carbon dioxide factor 
applied.
3.2.4 System Sizing and Design Philosophy
This section refers briefly to the predominant methods of heat pump optimisation that have 
been discussed in the past and the rationale to consider a duel fuel, or bivalent approach. 
This is opposed to a monovalent system with only one form of plant to provide heating and 
additional plant to serve the cooling demand.
Firstly, the optimisation of heat pump plant has long been typified (e.g. Ludwig van Cube 
and Stiemle, 1981; Reay and MacMieheal, 1988) by the following:
1. Low temperature heating distribution
2. High temperature cooling distribution
3. Simultaneous heating and cooling
All of these points remain important in the application of heat pumps to maximise 
efficiency and performance of the system. Decreasing the temperature difference between 
the heat source and required heating distribution system reduces the compressor work. 
Likewise, increasing the cooling temperature reduces the energy required to reject the heat 
the external sink. Due to the higher and lower flow temperatures historically associated 
with respective heating and cooling systems (CIBSE, 2004a; 2004b) the application of heat 
pump systems has been limited to newer buildings where more appropriate flow 
temperatures can be factored into the system design.
The option of simultaneous heating and cooling can allow the heat pump to operate in 
isolation from an external heat source or sink. Heat is simply moved from one side o f the 
building requiring cooling, to elsewhere in the building where heat is needed (Sheratt, 
1987). This of course needs the coincidental occurrence of heating and cooling demands 
which may be limited to shoulder periods of the year, i.e. spring and autumn. However, 
some buildings may have significant cooling demands throughout the year due to high IT 
requirements, or equally heat could be used as a pre-heat for all year hot water demands 
(Sheratt, 1987).
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Due to the high capital cost of BGESs in the UK (Rawlings, 1999) there is a strong driver 
to consider bivalent systems. The adoption of such systems has been driven in the past 
(Sheratt, 1987) for a number of factors:
1. Backup in case of heat pump failure
2. Performance at lower source temperatures or extended periods of peak heating
3. Short cycling of large heat pump units
4. To reduce peak electricity loads (Rawlings, 1999)
Backup due to heat pump failure is becoming less of a driver as units have become more 
technically advanced, offering greater or competitive reliability versus conventional 
technology (Cane et al., 1998b; a). During periods o f peak heating or cooling the 
prevailing conditions may cause the heat pump to run at a lower efficiency. This certainly 
remains true for air source heat pumps where the prevailing ambient air temperatures will 
generally be at their lowest when heating demands are at their peak, thereby limiting the 
capacity and effectiveness. However, it is still feasible to design BGESs to cover the peak 
load in new buildings without supplementary plant (Ochsner, 2008). In periods of low 
demand a heat pump can be forced to cycle on and off therefore shortening the lifespan of 
the compressor. This issue can now be resolved by using a number of smaller modulating 
heat pumps or a buffer tank (BSI, 2007; Ochsner, 2008).
In the context of the UK, an additional driver for bivalency is national and regional 
legislation which is driving the adoption of technologies to meet rather than exceed 
minimum carbon reduction and renewable energy targets for new non-domestic buildings 
(e.g.MCC, 2005; ODPM, 2006a). Due to the high cost often associated with low carbon 
approaches, designers are led into sizing systems to meet these targets set by local planning 
authorities (e.g.Faber Maunsell Ltd., 2004; ODPM, 2006b). It is therefore possible to see 
that the practical and economic sizing optimisation outlined above could be blurred by 
designers choosing to size plant simply to meet legislative targets.
3.2.5 Economic Appraisal and Optimisation 
General Appraisal Methods
The main project appraisal methods historically used can be summarised as follows:
© Simple Payback 
© Internal Rate o f Return
© Net Present Value (NPV) or Net Present Cost (NPC)
Such methods are detailed in various text books (e.g. Snell, 1997; Robertson, 2007) but a 
summary is provided here for reference. The simple payback method evaluates the number 
of years taken to payback an initial investment through reduced operating costs. This 
method does not take into account the value of borrowing and is often disregarded as too 
simplistic for longer term investment assessments. The base equation is as follows:
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Years to payback =  Ca—alQutla-  (Robertson, 2007)
N et cash in f low  per year
The internal rate of return seeks to identify the discount rate required just to recoup the 
initial investments over a certain timeframe. This is perhaps less useful for building 
technology assessment when the discount rate is either fixed by government publications 
(e.g. HM Treasury, 2003) or the commercial rate is wholly dependent on market 
conditions.
The NPV and NPC methods use a predefined discount rate to assess the present value of a 
project throughout its lifespan taking into account the changing value o f money. The 
difference between the NPV and NPC methods is inherent in the projected revenue stream. 
For systems with positive returns following the initial capital outlay the NPV method is 
used, i.e. there is a perceived profit to be made. For those investments were there is still 
significant ongoing expenditure the NPC approach is more appropriate. Using either the 
NPV or NPC approach allows for sensitivity analysis according to different discount rates 
typical o f a certain organisation or country. The time period can be adjusted according to 
the assumed lifespan of the investment or assumed period of the loan.
The base equation for the NPC for a particular year, as defined by Snell (1997) is:
PC 1
F C “ (i + r ) » I 1 8 !
Where PC=Present Cost, FC=Future Cost, r=discount rate and n=number of years
Transposing for the present cost requires that the future cost for a particular year is reduced 
according to the value of (l+r)n.
When calculating the NPC over the lifetime of the project the equation becomes:
NPC: [19]
0 (1 + r) 1 J
Where Co=Capital Cost on day 1, Cn=Costs in year n, Bn=Benefits in year n
The future cost includes ongoing operating costs such as fuel and maintenance. The capital 
cost is still paramount in decision making for low carbon approaches (Cooke, 2006) but 
where technologies are perceived to reduce the ongoing financial burden for the building 
occupier, the comparable respective operational costs can then become a dominant factor 
to consider. Using the NPC method any savings in future years are discounted. Therefore, 
the use of a higher discount rate can bias opinion to choose projects with a short term gain.
The Operational Costs o f  BGESs
In the vast majority of applications BGESs have been and remain more capitally intensive 
than conventional technologies in most cases and also versus other some other low carbon 
approaches (Rawlings, 1999). However, there is the possibility to recoup some of this 
additional cost due to the efficiency of the electric heat pump and the use o f a ground
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resource to abstract and reject heat. Thus, the relative ratio between gas and electricity 
prices becomes important in heating mode; and a comparison versus conventional electric 
chilling equipment rejecting heat to air is relevant for the cooling mode of the BGES.
Utility prices have varied markedly over the last five years in the UK. This can be 
associated partially due to liberalised markets but the main cause is linked to increasing 
worldwide fossil fuel prices. This recent trend is demonstrated in Figure 30 using the 
Retail Price Index (RPI).
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F igure 30 H istorica l R etail Price Indices: G as versus E lectr icity , 1990=100 (B E R R , 2008c)
From 1990 to -1996 the cost for electricity and gas correlated closely with the underlying 
inflation in the economy. After this period both gas and electricity dropped slightly versus 
the All Items RPI prior to slight rises from 2002. From 2004, the prices for both electricity 
and particularly gas disconnected from the underlying inflation rate in the UK leading to 
large increases for both utilities. In the period from 2004 to 2008 gas prices have increased 
significantly from a RPI of 125 to a more recent position of >250. In comparison electricity 
has risen from 113 to 193.
There is of course a direct linkage between gas and electricity prices due to the significant 
reliance on gas fired power plant in the UK. This is highlighted in Figure 4 with gas, by 
fuel and not generation capacity, used directly for 42% of electricity generation. In 
comparison coal is 35.1%, nuclear 16.2% with wind and other renewable energy systems 
being used for 5.4% of generation (BERR, 2008a). Hence, gas and electricity prices are not 
currently dependent and fluctuations in wholesale gas prices will inevitably lead to changes 
in electricity prices in the short term. There is some flexibility in the present generation 
capacity to prioritise other generation plant, for example recent comparative increases in
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gas prices have led to an increase in coal fired plant. In the medium to long term plant 
changes to the generation plant can be more significant.
In spite of recent changes in gas prices relative to electricity, the unit cost is still much 
lower than electricity. The average respective prices for non-domestic gas and electricity 
were 2.44p/kWh and 7.46p/kWh in 2007 (BERR, 2008c). By way of example, and using 
an efficiency of 85% for the gas fired heating plant, the minimum COP for the BGES 
would need to be 2.6 to realise any economic saving in heating mode with the relative 
prices. This is lower than the reported COP of a number o f manufacturers. According to 
the EN14511 performance standard (BS EN, 2007b), Viessmann suggest a COP of 4.5 is 
possible for their BW 110 heat pump unit for an entry source temperature (EST) of 0°C and 
a leaving load temperature (LLT) of 35°C (Viessmann, 2002). Steible Eltron suggest 4.4 
for their WPF 13 unit for the same characteristic performance measurement (Steible 
Eltron, 2008).
However, the comparison still suggests that the operational savings could be marginal or 
the BGES could indeed be more expensive to run if  there are adverse changes to either the 
utility prices or the installation performance of the system. Considering the potential 
operational lifetime of the heat pump plant, -20  years, and referencing recent trends there 
is a definite need to account for future changes in utility prices. Although, it is inherently 
complex to predict fuel prices into the long term there is still a requirement to understand 
the potential variance and the consequent impact o f the competitiveness of BGES in the 
UK.
The cost o f  carbon abatement using BGESs
There are established methods to review the lifecycle costs of a certain technology, taking 
into account initial capital costs and ongoing cash flows such as fuel. However, in order for 
the cost effectiveness o f a certain approach to be more fully assessed there needs to be a 
metric that suitably aligns CO2 savings with the life cycle cost. Jackson (1991) put forward 
the methodology for the least cost abatement curve to compare different technologies. A 
representation of such a curve is shown in Figure 31. The height of each block represents 
the cost per tonne of carbon dioxide saved whilst the width, the total savings.
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The approach suggested by Jackson allows the marginal cost for each abatement measure 
to be considered, and comparison thereon with other “competing” technologies or 
methods. This method has been utilised in a number of different applications including 
more recently the transport sector to review different vehicular options to reduce carbon 
(Spencer C. and Pittini M., 2008). Attempts have also been made to construct global 
marginal abatement cost curves (McKinsey, 2007) although the accuracy and relevance to 
different countries has to be inevitably questioned. It has not been possible to identify 
whether the marginal abatement methodology has been applied to building ground energy 
systems whereby the sizing of the technology affects the cost effectiveness due to changing 
utilisation in a certain building.
The optimisation of low carbon technologies remains only part o f the required 
methodology to reduce the economic and CO2 cost of using energy in buildings. Lovins 
(1996) refers to a seven step plan when reviewing the heat gains in buildings. The use of 
ground source systems fits into the third step in this process. The first step is to “...expand 
the range o f  conditions in which people feel comfortable, . . .”. The second refers to a 
number of improvements to the buildings fabric, orientation, shading and lighting, i.e. the 
passive design. The next step includes consideration of “active” technologies. The 
discussion of marginal benefits o f a technology or single approach then only becomes 
entirely valid when compared with other previous and forward steps. The building designer 
has to weigh up the most cost effective solution to result in the desired benefits. Lovins 
refers to this as the “more bang per buck” theory.
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3.3 Operational Case Study Literature Review
This section o f the literature review attempts to provide a brief overview o f previously 
published literature on monitoring completed on BGESs and, also, industry standards that 
are currently used to aid manufacturers, specifiers and installers.
From the outset of the research program it was clear that very little detailed monitoring 
data had been published. This was backed up by the assessment of published data by 
Rawlings (1999). Although there was anecdotal evidence that some installers were 
carrying out such monitoring there still seemed to be very little independent research in 
this area. This could be for a number o f reasons. For example, due to the cost and time 
required to monitor the systems over a reasonable length of time, i.e. 12 months. Also, the 
data collected may be retained as intellectual property by the installer to provide a 
competitive edge and to aid future design.
Further to the lack of published data, the monitoring that has been reported varies in 
quality and focus. Recent project specific papers identified include those by Witte et al 
(2002 ) for a closed loop system in the UK; Michopoulos et al (2007) for a closed loop 
system in Greece and Desmedt and Hoes (2007) for an ATES system in Belgium.
Witte et al (2002) detailed the results of monitoring completed for a vertical closed loop 
system for an office in Croydon, UK. The results detailed included a comparison of 
measured GLHE flow and return temperatures to those predicted by the design model used, 
Earth Energy Designer (Eskilson et al., 2000). This model was based on the work by 
Eskilson (1987) and Hellstrom (1991). The software package GLHEPro, used extensively 
in this dissertation, uses the same algorithms and methodology. The results presented are 
monthly and focus on comparing the initial ground loop heat exchanger model with the 
observed results. A good correlation is obtained although there are differences inherent in 
the energy demand in building versus those predicted. This was initially because of the 
higher than normal temperatures experienced and hence, cooling load realised in the year 
monitored. Although “rough estimates” o f the COP in heating and cooling modes are 
made, no analysis is presented regarding the seasonal performance factor of the complete 
BGES and the obtained efficiencies versus the heat pump manufacturer’s data. The data 
analysis was essentially confined to the GLHE temperatures.
A further paper studied the performance of vertical closed loop system over a three year 
period in Greece. Although taking valuable measurements o f the ground side system, the 
paper made assumptions about heat pump performance, using manufacturers data to 
calculate the COP (Michopoulos et al., 2007). The COP calculations were completed using 
the referenced COP at the observed GLHE temperatures; no measurements seemed to be 
taken of the actual heat pump power. Also, the temperature data gathered was at 10 
minutes intervals thereby not providing enough resolution to understand the relative 
performance during operation in combination with adjoining periphery plant such as buffer 
tanks and circulation pumps.
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The study of an operating ATES system was conducted by Desmedt and Hoes (2007) to 
understand the performance, again over a three year period. The paper reviews the COP 
obtained in heating and cooling modes but again omits any analysis of the instantaneous 
efficiency during short period operating cycles. The paper concludes that the COP in 
heating mode is in the range of 5.5 to 6.1. In active cooling mode, utilising the reversible 
heat pumps, the COP was between 4.9 and 5.0. In passive cooling mode, thereby simply 
rejecting heat via a heat exchanger to the groundwater, the COP was quoted to be as high 
as 45. These results are very encouraging for the application of ATES systems, although as 
was intimated in 5.3.3 on page 97, the use of all open loop systems in the UK is still 
limited by the prevailing hydrogeology.
Aside from these specific project studies Lienau (1995) published the results from 217 
installations in the US. The focus was total energy use throughout the year and the 
reduction in peak demand for electricity. The results did not analyse the relative 
performance of each system during different periods of the day. Also, it was not clear how 
the measurements were taken. On average it was found that the systems reduced energy 
usage by 52% versus electric resistance heating. This suggests a low COP of 
approximately 2 assuming electric resistance heating has an efficiency of near 100%.
Other published papers originating in the USA focus on the maintenance issues and service 
cost savings. Notable publications include those by Cane et al. (1998b; 1998a) which 
reviewed the significant problems arising for GSHPs and the servicing costs, 31 sites were 
analysed. The significant problems and solutions are summarised as follows:
© Anti-freeze induced leaks; caused by the use of potassium acetate, solved by fluid 
substitution
© Flow rates too low through heat pump; solved by re-balancing of the system
© Leaks in underground piping and mechanical room headers
© Inadequate heat exchange with the ground; cause not identified -  probably due to 
incorrect design for load.
© Water-well system problems reported at sites included: 
o clogging of supply water well screens, 
o supply water line from well broken,
o thermal interference between supply and return water wells requiring deeper 
supply well, and new injection well at a greater distance from the supply 
well.
On average servicing costs were found to be significantly lower than for conventional 
systems.
A number of case studies are also presented on US buildings by the Geothermal Heat 
Pump Consortium (www.geoexchange.org) but these do not include any detailed analysis
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of the systems installed with many of the energy and cost savings calculations based upon 
published design assumptions.
Aside the limited quantity of published monitoring data, there are a significant number of 
relevant standards that relate to the installation and certification of BGESs in the UK. The 
focus is generally on safety and therefore to ensure systems are safely installed using the 
right materials and commissioning processes (BS EN, 2007f; 2008a; b). Other standards 
include the requirements for manufacturers to test and rate the heat pump (BS EN, 2007a; 
b; c; d). This group of standards set the conditions for testing the performance of the 
system, e.g. the ambient conditions, the flow temperatures and accuracy of the monitoring 
equipment. For example, the monitoring equipment should take measurements every 30s to 
provide an accurate resolution of the data collected. The length of the test is also specified, 
this is shown diagrammatically in Figure 32. The focus is to obtain steady state for an 
initial 60mins prior to measurement for the capacity calculation and performance.
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Figure 32 Steady test required for measuring the performance of a heat pump (BS EN, 2007c)
Currently there is no requirement to measure and calibrate the heat pump unit in-situ to 
obtain similar performances to those specified in manufactures technical literature. The 
latest guidance provided in the UK (BERR, 2008b) does attempt to provide best practice 
for installation but again does not specify that the performance should be verified either 
instantaneously or over an extended period to ensure system performance.
3.4 Chapter Summary and Implications to Research
This section summarises the main observations from the literature review and sets out the 
rationale behind the consequent objectives of the research. The summary is split according 
the three themes
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3.4.1 Geogology. Hydrogeology and BGESs
3.4.1.1 Closed Loop Systems
The theory of the design and simulation of closed loop systems is grounded in the work by 
Eskilson and Hellstrom (1987; 1991). A number of software packages are available based 
on this theory and are being used commercially in the US and Europe.
There are some reasonable reference points in the UK for understanding the lithology 
beneath a site at the desktop stage. However, it seems logical that for commercial systems 
where deemed cost effective or where little desktop data are available, that some form of 
in-situ test is completed. Prior to this point, “rule of thumb” thermal conductivities and 
specific heat abstraction rates could be used with respective caveats on accuracy. This is 
particularly relevant at the early feasibility stage when no detailed heating or cooling load 
data are available for the building and there is still a requirement to consider options prior 
to conducting a costly site investigation.
Furthermore no research has been completed to understand the spatial potential across the 
UK according to commonly found bedrock, superficial deposits and temperature gradients. 
This should relate to the key parameters, thermal conductivity and specific heat capacity, 
and the bulk temperature of the borehole for vertical BGESs, and temperature fluctuation 
at shallow depth for horizontal BGESs. This should be according to the local air 
temperature profile and the thermal gradient. For horizontal systems it will be too difficult 
to assess the typical thermal properties throughout the UK due to the variation in saturation 
from location to location.
In the absence of detailed thermal property data for the UK it is still possible to start to 
understand how these parameters might change throughout the UK and how this could 
affect the performance and cost effectiveness of a closed loop system. This could also 
relate to the spatial requirements of the GLHE to give an indication of the necessary 
external land area required to install both vertical and horizontal systems. The use of a 
software package such as Earth Energy Designer or GLHEPro would aid such a 
consideration.
3.4.1.2 Open Loop Systems
From analysis of the literature it would seem that there is a good theoretical understanding 
of aquifer parameters in relation to the design and behaviour of abstraction and discharge 
wells. Additionally, there are significant existing studies that deal with the application to 
heating and cooling in buildings. Simulation programs are available that can model both 
hydraulic and thermal transport in the aquifer as a result o f dynamic heating and cooling 
loads from a building. Equally there are initial site and aquifer assessment techniques that 
can be used prior to the completion of such simulations.
The significant factor in triggering further detail design and research for a particular 
project is the site yield which is a function o f certain key parameters. Using Logan’s 
approximation, the well yield can be estimated by using the aquifer’s transmissivity and an
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acceptable drawdown (Banks, 2008). The well yield can then be matched with the building 
loads using data published by Kazmann and Whitehead (1980) to calculate the required 
spacing between wells. These spacing data can then be used to understand the maximum 
site yield.
Other factors such as the hydraulic gradient and water quality can influence the operation 
and design of the system but can be very site specific. The temperature o f groundwater can 
be related to the theory presented in 3.1.1.1.. For mono-directional systems, provided there 
is no thermal interaction between wells, the abstraction temperature will remain the same 
throughout the year and hence the efficiency of the heating and cooling system will also 
remain constant.
In the UK there are desktop study references and also site investigation techniques to 
understand the potential at a micro (building) level. On a macro (national) level there 
remains a need to understand the compatibility of the UK wide groundwater resource for 
open loop systems. This is in terms of the well yields possible for different aquifers and 
how this then relates to an example building with specific heating and cooling loads. This 
could include an assessment o f the spatial requirements for the system to meet the peak 
loads and annual demands to ensure no future thermal interaction. As literature on 
hydrogeological properties in the UK is concentrated to well known aquifers, so called 
“productive” aquifer zones, there is an accepted compromise that the study would be 
limited to such resources. Within the time frames of the research there would not be 
enough time or resource to investigate marginal aquifers, either with “moderate” or 
“limited” yield.
The completion of both a design phase and operational open loop case study would aid the 
consideration of open loop systems, including the cost effectiveness to reduce carbon 
dioxide emissions in non-domestic buildings versus conventional technologies, and also 
closed loop BGES.
3.4.2 Key Aspects in the UK BGES Design Process
It seems that energy predictions for buildings can be inaccurate irrespective of which 
methodology is used. The use of thermal models should allow accurate simulation of future 
energy use but there are inherent problems not only in the generation o f such models but 
also in the correct installation and commissioning of buildings that can affect the final 
outcome. It is outside the boundaries o f the research scope to explore the reasons and 
solutions for the accuracy of thermal models, particularly as this is a universal problem 
relevant regardless of region or country. However, as CIBSE have suggested (2004c), it is 
still possible to use thermal models to assess comparative differences according to the 
design strategy and modifications in the design of the building and weather data.
The host company use the thermal software package IES-VE which is similar to other 
simulation programs like TAS and ESP-r in that sub-hourly time steps are used to analyse 
the various interactions in the building and with the local environment. There was hence,
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the opportunity to use such building models created by Buro Happold design teams to 
investigate UK specific influences on the sizing o f BGESs.
Firstly, by using different projected climate change weather data files for the UK it will be 
possible to assess how this could impact on the future robustness of the technology. This 
approach could assess both the future peak demand and ongoing energy balance with the 
ground. Current energy analysis and consequent plant analysis is typified by using 
historical weather data as a basis for designing systems.
There is also some contention as to what carbon dioxide factor to use for UK grid 
electricity. Added to this uncertainty is the unknown path for anticipated decarbonisation 
of the existing energy mix. For these reasons it is valid to consider how the range in 
possible carbon dioxide factors for electricity may change over the lifetime of a BGES and 
how this will impact on the projected savings versus conventional systems. For each unit 
o f gas burned for conventional heating systems the carbon intensity is likely to remain the 
same, although admittedly there maybe future improvements in gas boiler design that 
increase efficiency and reduce emissions. The same principle can be applied to heat 
pumps; with an acceptance the scope for performance enhancement is perhaps greater due 
to the relative immaturity of the technology. Regardless of the exact path of 
decarbonisation any decrease in the carbon dioxide factor for electricity is attractive for 
BGESs versus gas heating.
Recent changes in utility prices indicate a necessity to account for possible increases in 
both electricity and gas unit costs. Recent trends could be used as a basis for future 
increases by way of using short term, e.g. 5years, and longer term, e.g. 20 years, average 
trends. Gas prices have accelerated more substantially than electricity and the ratio 
between these two utilities is key to the economic assessment of BGESs versus 
conventional heating plant. Improvements in efficiency of the cooling system by way of 
using the ground or groundwater as a heat sink, along with anticipated increases in 
electricity prices, will only amplify savings in the cooling mode.
In addition, according to simulated energy loads, there is an opportunity to understand how 
bivalent BGESs may perform in a number of UK buildings. A common way to reduce the 
high capital cost of low carbon technologies has been to size the system to meet the most 
frequent load. However, in the case of heating and cooling BGES installations the adoption 
of this strategy neglects the imbalance in the respective loads, the dynamic energy 
exchange with the ground and any practical limits due to space or the resource.
To meet legislative requirements designers can also size the system to simply meet the 
renewable energy targets, e.g. 20% of the sites total energy demand. Again, this neglects 
any economic or practical optimisation of the ground resource. The analysis could 
therefore benefit from an iterative process to review the optimal size according to the 
ground resource, the displacement of conventional plant and future energy prices. The net 
present cost method would seem to be the most appropriate method to complete such an 
appraisal.
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An extension of this analysis it would be useful to evaluate the marginal cost of abatement 
for bivalent systems. Not only would this highlight the least cost per kg of CO2 saved but 
also the profile for increasing capacity and consequent utilisation versus the peak heating 
and cooling requirement of the building
3.4.3 Operational Case Studies
From the literature review there seemed to be a strong driver to complete monitoring on a 
number of buildings in the UK to understand the performance of in-situ BGESs. Whilst 
there are isolated research studies that have been completed, these have not been holistic in 
approach. The focus here is the ongoing safety o f the installation. Additional standards 
require that the heat pump performance is tested according to set methods and criteria.
In particular, there seemed to be a need to take measurements over shorter periods to 
analyse the performance at certain times of the day and throughout the year. Previous 
published works have presented cumulative energy and cost data for installed systems, or 
have made assumptions on system performance based upon manufacturers’ data.
In studies in the USA systems would seem to be operating without undue servicing or 
maintenance costs. Some of the problems reported are due to incorrect design, e.g. flow 
rate balancing between heat pump units and well thermal short circuiting, or specification, 
e.g. use o f incorrect heat transfer liquid in GLHE. This is where the industry is mature, this 
is not currently the case in the UK. Therefore, it would be useful to highlight any particular 
issues with maintenance in the UK.
Design guidance is available as identified in the previous chapter. Standards are also, 
available to ensure that best practice is followed in installation. There is a clear opportunity 
to monitor systems for an extended period, i.e. 12 months, to identify any key attributes 
that require greater attention either through further published guidance or specifications. 
This should focus on the actual performance o f the system in relation to published data in 
manufacturer’s literature.
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4 Research Aims and Overview of Methodology
This chapter serves to underline the key aims of the research and the outline methodology 
used.
The aim o f  the research is to investigate the potential o f  BGESs in the UK 
by analysing key country specific attributes.
The main backdrop of the research, as indicated in the Introduction, Chapter 1, and 
Background, Chapter 2, is the need to reduce carbon emissions from buildings. Due to the 
host company’s main portfolio of work, the focus o f the research is on new non-domestic 
buildings.
The key objectives of the dissertation are:
1. To complete a geological, hydrogeological and climatic spatial review o f the 
potential for building ground energy systems (BGESs) in the UK. (chapter 5)
2. To analyse the impact of a series of UK specific influences and sizing techniques 
during the design stage using a series of design case studies, (chapter 6)
3. To analyse the performance of a number of existing operational case studies in the 
UK (chapter 7)
The design of the dissertation serves to analyse these key themes in separate chapters with 
respective methodology. Theme specific results and discussions are also included in each 
chapter further to broader discussions and conclusions that are made towards the end o f the 
dissertation. The following sections provide a brief overview of the methodology and 
further justification for focussing on certain aspects of each theme.
4.1 Overview of Geological and Hydrogeological Spatial Review
The justification for conducting a geological and hydrogeological spatial review is 
apparent in the diverse geology throughout the UK. As yet such a review does not seem to 
have been completed by previous researchers. Whilst there are some significant problems 
with conducting an accurate and exact review there is still a need to characterise the type 
and structure of UK geology and how this will impact on the potential for closed and open 
loop systems.
The problems are inherent in the heterogeneous structure of bedrock and the perceived 
ability to assign relevant generic and consistent properties that align with the key 
parameters of BGESs. Due to the variability of different bedrock types these key 
parameters can vary. It was accepted at the beginning of the research programme that it 
would not be possible to meaningfully measure and collate such properties throughout the 
UK. However, as will become apparent in Chapter 5, there is useful reference literature 
gained from the application of BGESs in other countries that can be applied initially to the 
UK. This is justified as, although the geological and hydrogeological structure may vary 
according to localised movements and processes, the mineral base does not. Hence, similar
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terminology is used to describe the main bedrock types regardless of country, e.g. 
sandstone, mudstone, meta-quartz etc.
Once the characterisation of geology and hydrogeology is complete it will then be possible 
to consider the impact to a sample building that is also used as a design case study for 
chapter 6.
4.2 Overview of Design Case Studies
Four case studies will be used to analyse the key design influences that have the potential 
to influence the cost effectiveness of BGES. This will be aided with the use of a thermal 
model for each building and suitable analytical techniques to calculate the size of the 
ground source system. The software program used to analyse each building is IES-VE.
The key design influences that will be investigated can be summarised as follows:
Firstly, climate change is said to impact on the future heating and cooling demands 
of buildings (Hulme et al., 2002; Hacker et al., 2005). The sizing and simulation of 
BGESs is linked to both the peak capacity and energy exchange with the ground so 
it would seem justified to investigate this further using such tools as WeatherGen 
(Jentsch et al., 2008).
Secondly, the application of different carbon dioxide factors for electricity may 
impact on the cumulative emissions over the lifetime of the main plant items.
Hence, it is deemed important to apply such factors to different buildings and 
BGES to analyse the relative impact.
Thirdly, since the cost of BGESs is quoted to be much higher than conventional 
systems (e.g.Rawlings, 1999), and legislation is driving certain percentage 
reductions in carbon emissions from buildings (e.g.MCC, 2005), there would seem 
to be a driver to consider the impact of sizing the plant to meet only part of the peak 
heating and cooling loads. Lower cost conventional plant can be utilised for lower 
frequency peak heating and cooling loads. This is backed up by the “more bang per  
buck” theory put forward by Lovins (1996). This would necessitate the 
application of an economic and carbon assessment flexible enough to consider 
different iterations of sizing.
Finally, bringing together both economic and carbon dioxide emission results, the 
cost effectiveness to reduce carbon emissions of the part load and peak sized BGES 
can be understood. Using the least cost carbon abatement methodology used to 
compare different technologies (Jackson, 1991) the cost per kgC02 saved for 
different bivalent systems can be reviewed.
4.3 Overview of Operational Case Studies
In the UK there a number of BGESs already in operation but no substantial data are 
available on their performance. There would seem a particular need to understand how
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well these systems are performing with a focus towards the actual carbon dioxide 
emissions and operational costs versus not just the expected performance but also, a 
conventional system. The monitoring will refer to the building and ground side 
configuration and analyse the efficiency at different times of the day and over a 12 month 
period. Reflection will be made on relevant design standards (e.g. BS EN, 2007e; a) that 
are currently available and how these might be improved in light of any key operational 
aspects that may be discovered.
4.4 Summary
Figure 33 provides an overview of the core dissertation themes and contents. Each chapter 
commences with a more comprehensive breakdown relevant to that area of research.
Chapter Overview of Methodology
5.
G eological and 
H ydrogeological 
Spatial R eview
|—  Building Ground Energy Systems — |
Closed Loop Systems: Open Loop Systems:
Geology Spatial Review Hydrogeology Spatial Review  
identification o f  main thermal Yield and peak capacity 
property and range Assessment 
Project Appraisal Project Appraisal
6.
D esign Case Studies 
(D C Ss)
Analysis of 4x Design Case Studies (DCSs) to analyse the impact of:
Climate Change Scenarios
Carbon Dioxide Projections
Bivalent Energy and Economic Appraisal
Cost o f  Carbon Abatement
7.
Operational Case 
Studies (O CSs)
Monitoring of 4x Operational Case Studies (OCSs) to:
Calculate typical COP and overall SPF
Analyse and identify key trends and performance criteria in each case 
study
Figure 33 Overview of Main Chapters and Methodology
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5 Geology and Hydrogeology Spatial Review Study
5.1 Chapter Introduction
The purpose of this chapter is to consider the performance of vertical and horizontal closed 
loop and open loop building ground energy systems (BGESs) due to differing geology and 
hydrogeology throughout the UK.
The chapter is split into two main sections:
The first section (5.2) details the methodology that was used to complete the spatial 
review. Both vertical and horizontal closed loop, and open loop systems are 
considered in isolation owing to the differing key parameters and assessment 
techniques.
The second section (5.3) details the results from the spatial review. Initial 
discussions are reported in the context of this chapter; these will be further 
discussed in the main discussion chapter.
5.2 Spatial Review Study Methodology
This section first provides an overview of the methodology and structure for the spatial 
review. Following this, a more detailed breakdown of the analysis is given for closed loop 
(vertical and horizontal systems) and open loop systems.
5.2.1 Overview
Figure 34 gives an overview of the methodology used for the geology and hydrogeology 
spatial review.
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1. Geology Review -  Closed loop systems
c. Ground Temperatures
a. Geology spatial review
b. Ground thermal properties
d. Project Appraisal
Including bedrock, thickness of superficial deposits.
Including thermal conductivity, specific heat capacity 
Influence of mean air temperature and heat flux
Review of relative impact of Location (heating and cooling loads), 
temperature gradient and geology’ on an example building
2. Hydrogeology Review -  Open loop 
systems
a. Hydrogeology spatial review-
b. Yield Assessment
c .Project Appraisal
Including type (intergranmilar, fracture flow)
Using different references to characterise aquifers and 
yield
Review of relative impact of yield on maximum capacity per well 
andfootprint for peak sized system for an example building
Figure 34 Geology and hydrogeology spatial review outline methodology
Firstly, there was a need to characterise and rationalise the geology and hydrogeology for 
both closed and open loop systems. Both these analysis were completed using the software 
package, ArcMap from the suite ArcGIS. This package was chosen as a method to interpret 
data in a certain format obtained from the British Geological Survey and respective 
software licenses were already owned by the host company. ArcMap allows for 
geographically referenced information and data to be analysed either on a micro, e.g. site 
specific, or macro level, regional or national.
Aside the main objectives of this section of the research portfolio there was a longer term 
intention by the author to use the data for a company wide database tool for BGESs and 
potentially other renewable energy technologies such as wind turbines, and solar thermal 
and photovolatics. This work would hence form a basis for a more detailed tool.
The BGS provided maps for research purposes; many of these have already been presented 
in the literature review but in summary include:
© Surface Geology for the UK (1:625,000)
© Bedrock Geology of the UK (1:625,000)
© Superficial Deposits Thickness in England, Scotland and Wales (1:625,000)
© Hydrogeology of the UK (1:625,000)
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Areal calculations could then be made for different categories in each data set to aid the 
spatial review. For closed loop systems this means identifying the generalised lithology of 
the UK by area to enable the connection with the key geological parameters and ground 
temperatures. For open loop systems, the hydrogeology could be reviewed to narrow the 
focus of attention to important groundwater resources and potential yields in the UK.
Finally, once the characterisation and rationalisation and range of typical key parameters is 
complete a building specific appraisal was completed to highlight the relative impacts. The 
same building was chosen from the design case study portfolio for both the closed and 
open loop appraisals; signposting is provided to the specific building below.
5.2.2 Closed Loop Systems
The overall objectives for the spatial review for closed loop systems are:
1. Using typical values for different geomaterials, investigate the range and 
concentration of key thermal properties throughout the UK for vertical systems.
2. Investigate range in below ground temperatures throughout the UK.
3. Investigate the effects o f 1 and 2 on GLHE sizing and footprint implications for an 
example building in a range of UK climate types
To make the spatial review possible within the restricted timeframe of the research process 
a number of assumptions had to be made from the outset. This helped to simplify the 
analysis without necessarily reducing the ability to meet the objectives of the study.
1. For vertical systems a nominal borehole length of 100m was used. From dialogue 
with numerous specialist contractors since the start of the research programme this 
is accepted as a reasonable assumption prior to further site investigations. Such site 
investigations may show that the use of shorter or longer boreholes may be 
employed due to the cost effectiveness to drill to a certain depth and/or due to 
spatial limitations on site.
2. Saturation was assumed to be 100% over the length of a borehole. For horizontal 
systems; saturated and unsaturated ground was considered.
3. Groundwater flow was discounted as this is too difficult to generalise; the 
occurrence and velocity is site dependent.
4. A simplified geology model was used. Geological profiles can be extremely 
complex with depth with differing rock and soil types overlaying others, with 
differing porosity, anisotropy and exact mineral content. Also, many brownfield 
sites to be occupied by new buildings may have a thin layer of “made ground” 
which can be a mixture of rubble, rough aggregate and soil. Hence a much 
simplified model was used, as shown in Figure 35, which assumed an average or 
bulk geological profile according to the primary geological unit identified.
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Bedrock/ Superficial deposits 100m
(consistent thermal properties)
f
Figure 35 S im plified  lithology for geo logy  spatia l review  
The VERTICAL closed loop spatial review process was completed as follows:
STEP 1
Using ArcMap an areal analysis was completed of:
a. different types of bedrock and superficial deposits;
b. superficial deposits of significant depth;
c. differing heat flux concentrations.
STEP 2
Using ArcMap, the area weighted average of thermal properties according to differing
geomaterial and typical VDI data (2000) was calculated
STEP 3
Using recent Metrological Office data, heat flux data and Equations [ 13 ] and [ 14 ] ,
the range in bulk borehole temperature was estimated for the UK.
STEP 4
The results collated in 1 -3 were then applied to an example building to analyse the 
range of GLHE sizing and foot printing, due to:
a. Location specific heating and cooling using the respective Test Reference 
Year (TRY)17 together with the bulk borehole temperature at the site.
Three differing climate types were chosen;
Climate Type 1 (CT1= high heating loads/ low cooling loads): TRY weather file - 
Aberdeen.
Climate Type 2 (CT2= average heating/ cooling loads): TRY weather file -  
Manchester.
Climate Type 3 (CT3= low heating loads/ higher cooling load): TRY weather file 
chosen for available weather file in south west of England -  Camboume, Cornwall.
b. Bulk borehole temperature (TRY fixed)
This isolated the effects of the bulk temperature from the climate specific heating and
17 Test Reference Year (TRY) -  this is a weather data file that contains data such as hourly dry/ wet bulb 
temperature, daylight hours, solar radiation etc. for a certain location. TRY files are used in building thermal 
models to understand the performance o f the building; for example, to give the heating and cooling profiles 
over the year. The file gives an average profile o f climatic data over a 20 year period.
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cooling loads. CT2 was used for each study
c. Geology (TRY fixed)
This isolated the effects of differing geomaterial. CT2 was again used for each study
An existing model of the building constructed in IES18 was used for the heating and 
cooling analysis using differing TRY weather files. GLHEPro was then used to 
simulate and size the GLHE in each case.
The HORIZONTAL closed loop spatial review process was completed as follows:
STEP 1
ArcMap was used to analyse the area of surface geology.
STEP 2
Using recent Metrological Office data, the temperature swings for different regions 
were analysed. Equation [ 1 1 ]  was then used to analyse amplitude in temperature at 
1.0, 1.5 and 2.0mbgl at different locations.
STEP 3
The results of 1-3 were then used to frame the key parameters used for the building 
appraisal to calculate the GLHE sizing and footprint due to:
a. Climate specific heating and cooling and air temperature profile: using the 
TRY for three example locations, representing CT1, CT2 and CT3.
b. Air temperature: CT2 weather was used.
This analysis again isolated the effects of the differing ground temperatures from the 
climate specific heating and cooling loads.
c. Trench depth and Air Temperature: CT2 TRY used. Depths 1, 1.5 and 2m at 3 
locations.
This analysis was used as an extension to b) with a focus moving to the variation in 
GLHE sizing due to depth.
d. Surface Geology: CT2, temperature swing fixed, trench depth 1.5mbgl.
This analysis isolated the effects of the surface geology.
The software package, GS2000 was used for each simulation.
5.2.3 Open Loop
The overall objectives for the open loop spatial review are as follows:
1. To investigate productive aquifers in the UK and to complete a spatial resource 
review.
2. To review range in yield for different productive aquifers
18 IES -  Integrated Environmental Solutions: A building thermal simulation package widely used in the UK.
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3. To review the implications to one project
Again, to simplify the process a number of assumptions were made from the outset. This 
included:
1. Only productive aquifers were considered for the spatial review.
2. Groundwater flow was not explicitly accounted for although quoted properties from 
installed wells will inevitably include recharge due to local groundwater flow; the 
direction and hydraulic gradient will be unknown. For this reason only the 
application of mono-directional systems was reviewed. The analysis required for an 
ATES system is too complex to complete or generalise on a macro scale.
3. Groundwater protection: certain aquifers or areas maybe protected due to their high 
value for freshwater abstraction, e.g. for public consumption. In such instances the 
EA may decide that the increased risk of new contaminant transport through the 
aquifer due to the installation of a new abstraction point may be too great. Such 
areas will again not be reviewed due to the complexity of analysis on a macro scale. 
However, this remains as an important consideration for individual systems.
The following stages summarise the process used for the OPEN loop spatial review:
STEP 1
Using ArcGIS and Jackson (2004b), the hydrogeology of the UK was analysed 
identify the main productive aquifers. For certain larger more geographically 
fragmented aquifers, the aquifer region was also noted to allow for more detailed 
analysis o f yield over the UK.
STEP 2
The range in yield was then analysed for the different aquifers using IGS (1977) and 
Allen et al (1997) for England and Wales. For Scotland the hydrogeological map for 
Scotland by the BGS (1987) was used with additional data from Mac Donald et al. 
(2004). For Northern Ireland, two references were also used, Robins (1997) and Kalin 
(1997).
a) For England and Wales, Logan’s approximation, equation [ ,  was used to estimate the 
yield using available transmissivity data and assuming a drawdown of 10m. The 
geometric mean transmissivity was used to calculate the “typical” yield from a single 
well. The 25% and 75% inter-quartile transmissivity was also used to give an 
indication of the range in yield typical of the specific aquifer.
b) For Scotland and Northern Ireland, such data were not readily available so only the 
typical average yield is quoted for each aquifer.
An average yield was then estimated for the productive aquifers under analysis.
Using the basic energy equation [ 5 ] on page 15 the maximum heating and cooling 
capacity (kW) per well from each aquifer type was then estimated.
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STEP 3
A Project Analysis was completed to understand the following:
The yield, and well spacing or site footprint required to meet the peak heating and 
cooling capacity for three climate types.
The corresponding heating and cooling loads for CT1 and CT2 were used as described 
in 5.2.2 on page 74. For this open loop project analysis CT3 was replaced with a 
different climate type, CT4 (see description below). The intention was no longer to 
review the implications of differing mean borehole temperature as in the closed loop 
analysis but the effects of different heating and cooling requirements for a similar 
building throughout the UK. CT1 was used to demonstrate higher heating and lower 
cooling loads and CT2, a location with a mean UK air temperature. For CT4, an IES 
simulation was completed using a TRY for London to show the implications in an 
environment with potentially the lowest heating and highest cooling demands.
Climate Type 4 (CT4= -lowest heating loads/ -highest cooling load): TRY weather 
file chosen for available weather file in south west of England -  London.
An average aquifer yield was assumed using the results from (2), and system well 
spacing and foot printing for respective average and peak capacities was completed 
using Kazmann and Whitehead (1980) guidance. An active aquifer thickness19 of 
15.2m was assumed in line with tabular data presented by the respective authors for a 
50ft thick aquifer.
5.3 Spatial Review Study Results
This section details the results from the spatial review for vertical and horizontal closed 
loop systems, and also open loop systems.
5.3.1 Vertical Closed Loop
5.3.1.1 Geology Analysis
To analyse the predominant geology for closed loop vertical systems it is first useful to 
consider the surface geology throughout the UK. Figure 9 on page 18 shows the range in 
main geology classifications. The data set for surface geology has been analysed using 
ArcMap and Figure 36 shows the proportion of each classification in the UK. Superficial 
deposits (SD) cover -57.5%  of the UK. These include a mix of unconsolidated soils such 
as clays, silt and sands. Sedimentary rocks (SR), such as limestone and sandstone cover 
33.3% with metamorphic (B) and igneous (B) covering just 5.5 and 3.7% of the UK 
respectively.
19 Active Aquifer Thickness -  this is a term used to describe the thickness of the aquifer that the well is 
drawing groundwater from.
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(SD) Clay, sand  and silt, 
4.8%
(B) Igneous rock, 3.7%
(B) M etam orphic, 5.5%
(SR) Lim estone, 7.3% (SD) Pebbly silty clay, 
36.3%
(SR) S an d sto n e , 5.!
(SR) S an d sto n e / 
m udstone, 8.0%
(SR) M u d sto n e , 12.2% (SD) Sand and 
9.7%(SD) Peat, 6.7%
F igure 36  Surface geo logy  by area in the U K
However, as indicated by Figure 21 on page 41, the thickness of the superficial deposits 
varies considerably throughout Great Britain and hence this cannot necessarily be 
classified as the dominant geomaterial along the length of a vertical borehole.
Thickness data were not available for Northern Ireland but for the purposes of this analysis 
similar ratios will be assumed for this region as for the rest of Great Britain. Only in 
isolated areas are much thicker deposits present, for example, in East Anglia and parts of 
the north-west and north-east. Generally, the superficial deposits are less than 10m in 
thickness. This is shown more explicitly in Figure 37 which provides a breakdown of the 
thickness range by area for Great Britain. It can be said that for more than 80% of the UK 
the bedrock is either directly exposed at the surface or the superficial deposits are less than 
10m thick. This percentage rises to 95.5% if superficial deposits between 10 and 30m are 
also considered as thin and insignificant.
This suggests that the superficial deposits are not a significant Ethology to consider in a 
spatial analysis of vertical closed loop BGES in the UK. The focus for the remainder of 
this section concentrates on the bedrock type.
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F igure 37 R ange o f  th ickness o f  superficia l deposits in G reat B rita in20
The bedrock throughout the UK as shown in Figure 22 on page 42 has been interpreted to 
establish the spatial breakdown of each of the highlighted rock types. Figure 38 shows the 
initial results of the analysis. Sedimentary bedrock is dominant in 76.1% of the UK, which
equates to over 187,000km . Mudstones are the most common place at 23.6%, with a
21sandstone and mudstone mix at 21.7%, sandstone at 16.9% and limestone at 13.9%. By 
comparison metamorphic rocks (14.6%) and igneous rocks (9.3%) are less common place, 
almost solely found in Scotland with isolated occurrences in Northern Ireland, south-west 
England and north-west Wales. Sedimentary rocks tend to dominate throughout England 
and Wales.
The breakdown of metamorphic rocks is as follows:
Meta-Quartzite -  9.3% of total land area in UK 
Gneiss -  2.0%
Mica-shists -  2.0%
O th e r - 1.3%
The breakdown of main igneous rocks is as follows:
Basalt -  4.6%
Granite -3 .1 %
Rhyolite -  0.6%
Other -  1.0%
20 Superficial deposit thickness data was not available for Northern Ireland
21 Sandstone and Mudstone: depicts bedrock geology which is typified by layers o f  sandstone, and mudstone.
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Igneous rock
9.3%
M udstone
23.6%
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/
M etam orphic rock
14.6%
Limestone
13.9% S andstone and 
m udstone 
21.7%
Sandstone
16.9%
F igure 38 Spatia l analysis o f  bed rock  in the U K
5.3.1.2 Ground Thermal Properties
The referenced thermal conductivities for the dominant bedrocks in the UK are shown in 
Figure 14.
Using typical values, the area-averaged thermal conductivity for sedimentary rocks is 
2.4W/mK. The area-averaged thermal conductivity for all bedrocks in the UK is 2.7W/mK.
The typical thermal conductivities for the superficial deposits are shown in Figure 15 on
22page 30 where the range for saturated gravels, sands and silts is 1.7-2.4W/mK. Only 
where the deposits are both significantly thick (>30m) and the respective thermal 
conductivity is low compared to the bedrock geology will the average thermal conductivity 
be markedly affected. Hence, the presence of thicker superficial deposits overlying such 
bedrock as Granite, Gneiss, Rhyolite and Meta-quartzite could significantly influence the 
bulk thermal conductivity. Such bedrock types are mainly found in Scotland and the South 
West of England where the thickness of superficial deposits, if present is generally low. 
Again using typical values, the presence of superficial deposits is unlikely to have such an 
influence with sedimentary rocks which generally have a lower thermal conductivity. For 
the high end of range sedimentary rocks such as sandstone the influence will be higher
The referenced volumetric heat capacities for the dominant bedrocks in the UK are shown 
in Figure 16 on page 31. Again using typical values, the area averaged volumetric heat
3 3capacity for sedimentary rocks is ~2232kJ/m .K, and for all bedrocks, ~2235kJ/m .K
“  For vertical systems both the bedrock and superficial deposits are considered to be fully saturated.
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5.3.1.3 Ground Temperatures 
Heat Flux
The variation in heat flux in the UK is shown in Figure 20 on page 36, and in Figure 39 by 
area. By far the highest values, >100mW/m , are isolated to the granites in the south west. 
This only accounts for -1%  of the total land area. The average heat flow by area is 
56.5mW/m2 with over 91% of the UK having a heat flux of between 40 and 70mW/m2.
60%
50%
40%sX
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20%
10%
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F igure 39
Thermal Gradient
Using Fourier’s Law [12] the range in thermal gradient can now be calculated throughout 
the UK.
The highest thermal gradient will occur where there is high heat flux but low thermal 
conductivity. It is not reasonable to simply match the highest heat flux with the lowest 
thermal conductivity to calculate the highest thermal gradient as they are not coincidental. 
It is clear however that the maximum gradient is very likely to occur in the south west of 
England due to the much higher heat flux, see Figure 20.
As the granite, which is the focus of concentration for the highest heat flux in the south 
west, has a relatively high thermal conductivity (3.4W/mK), the thermal gradient can be 
estimated to be ~3.5K/100m. Nearby basalt, marked in Figure 40, by comparison, has a 
typical value of is 1.7W/mK. At this location the heat flux is still considered to be between 
100 and 1 lOmW/m and therefore the thermal gradient could be estimated to be much 
higher at -0.062K/m.
The highest heat flux has been taken to be 120mW /m2.
A verage = 56.5mW/m2
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F igure 40 R egion  o f  estim ated  h ighest therm al grad ien t in the south  w est o f  the U K  (Jackson , 2004a; 
BG S, 2008a)
A low heat flux and high thermal conductivity is synonymous with a relatively low thermal 
gradient. Again, it is not necessarily valid to match the lowest heat flux with the highest 
thennal conductivity to calculate the lowest thermal gradient in the UK. However, in this 
case it is reasonable to estimate that the lowest thermal gradient will occur with the higher 
conductivity metamorphic rock found in Scotland.
Taking an example location in the north east of Scotland, see Figure 41 , the heat flux is 
between 40 and 50 mW/m and the typical value for meta-quartzite is 6W/mK. Using a 
mid-range value of 45mW/m for the heat flux, the thennal gradient can be calculated to be 
0.75K/100m.
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Figure 41 L ocation  o f  estim ated  low est therm al grad ien t in the north  east o f  the U K  (Jackson ,
2004a; B G S, 2008a)
Therefore, the estimated range of the thermal gradient for the UK is -0.8 to ~6.2K/100m.
The average thermal gradient for bedrocks, by considering the mean heat flux 
(56.5mW/m ) and average respective thennal conductivity (2.7W/mK), can be estimated to 
be 0.021K/m or 2.1K/100m.
Mean Borehole Temperature in the UK
Using the referenced data for thermal conductivity, heat flux and temperature throughout 
the UK it is now possible to understand the range in mean temperature for a nominal 100m 
borehole for a vertical GLHE installation. The highest borehole temperature will occur 
with the highest combination of the mean air temperature and thermal gradient.
Conversely, the lowest mean borehole temperature will occur with the lowest permutation.
By referencing Table 2, the average UK temperature for the 5 years from 2003 to 2007 
years is 9.6°C. The lowest average temperature is 7.9°C in North Scotland, and the highest 
is 10.9 in South East and South England.
It is coincidental that the lowest estimated thermal gradient is likely to be North Scotland 
which also experiences the lowest mean air temperatures. Using the example location 
identified in Figure 41 the lowest mean borehole temperature (Tb]) is estimated as follows:
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Tbl = 7.9 + — — ^ X1 — = 8.3°C 
2
In comparison the highest mean air temperature in East Anglia and South and South East 
England does not coincide with the highest thermal gradient. However, the south west of 
England still experiences a relatively high mean air temperature o f 10.4°C. The highest 
mean borehole temperature (Tbh) is estimated as follows:
Tbh = 1 0 .4 + 0,062x100 =13.5°C 
2
A mean borehole temperature for UK bedrock (Tb) can be estimated using the respective 
average thermal conductivity, mean air temperature and heat flux:
Tb =9.6 + — — '100 =10.7°C
5.3.1.4 Project Analysis
The example project used was a new museum which is shown in more detail as Building 1 
in the design case study overview sheets in 6.3 starting on page 124.
The project analysis was completed to examine the effects of a differing mean borehole 
temperature and geology on the cumulative length and required footprint for the GLHE. To 
analyse the effects of changing temperature, two sets of simulations where completed:
c) The first temperature study situated the building in 3 climate types to review 
the effects of both variable energy loads and mean borehole temperature. 
This was to represent low, average and high net heat abstraction, and 
different borehole temperatures.
d) The second temperature study situated the building in one location, climate 
type 2, thereby fixing the energy loads for the building. However, the 
borehole temperature was still changed.
The first simulation is more realistic taking into account climate specific space 
conditioning. However, the second simulation remains valid in this study to understand the 
effect of differing borehole temperatures in the UK.
To analyse the range in bedrock the building was situated in the median climate, CT2, and 
only the thermal properties were varied.
The building space heating and cooling loads were simulated in IES using the test 
reference year (TRY) weather data files for the respective climate types. The monthly 
energy and peak heating and cooling loads were then entered into GLHEPro. The generic 
GLHEPro input parameters used for the project analysis are shown in Table 3. The 
diameter of pipe-work and specific flow rate ensured turbulent flow in all the systems 
simulated. This was to maximise heat transfer and ensure a similar borehole resistance in 
each model.
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T ab le  3 G L H E P ro In p u t P aram eters for  T em p eratu re  and G eo logy  P ro ject A nalysis
A ctive B orehole Length 100m
B orehole D iam eter 120mm
B orehole Spacing 6m
GLHE HDPEPE6
GLHE 1 0  /O 0 21.4/2 5mm
B orehole Pipe-work Single U-iube
GLHE G lycol flow  rate 0.2m3/hr.kWth
G lycol 20%Propylene/ 80%Water
M axim um  F low  Temperature GLHE 20 V
M inim um  F low  Temperature GLHE -2 V
Grout Th. Con 1.5W/mK
Pip Th. Con 0.39W/mK
Temperature Studies
For reference a summary of the temperature study parameters are provided in Table 4. The 
peak heating load varies from 192kW for CT1 to 155kW for CT3 whilst the peak cooling 
capacity increases from 18 to 32 kW. The annual heating and cooling demand show similar 
anticipated trends.
T ab le  4 S u m m ary o f  b oreh o le  tem perature stu d y  p aram eters
T em p eratu re  S tudy 1 T em p eratu re  S tu d y  2
Borehole
Average
Temperature
8.3 10.8 12.9 8.3 10.8 12.9
Climate Type CT1 CT2 CT3 CT2
Heating Peak 
Capacity (kW )
192 165 155 165
Heating  
Energy (kW h)
268 ,099 223 ,440 202 ,017 223 ,440
C ooling Peak  
Capacity (kW )
18 26 32 26
C ooling  
Energy (kW h)
535 1,757 2,823 1,757
Thermal Con. 
(W /m K)
2.7
V ol. Cp 
(kJ/m3.K)
2,235
The results of the study are shown in Figure 42.
It is clear in both temperature studies that the borehole temperature has a significant effect 
on the cumulative borehole length. In temperature study 1 the effect is more pronounced
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due to the difference in net heat abstraction over the year for each location. Placing the 
building in CT1 realises a high net heat abstraction and lower starting average borehole 
temperature resulting in a cumulative borehole length of -5850m  and a footprint of 
-1620m 2. In comparison, placing the building in CT3 sees the net heat abstraction reduce 
and the mean borehole temperature increase resulting in a much lower GLHE cumulative 
length of -2 5 70m and footprint of 650m . Isolating the effects of the starting borehole 
temperature applying the same climate type reduces the trend. For the lower temperature of 
8.3°C the cumulative borehole length is -4510m and the footprint is 1190m2. Conversely, 
for the higher temperature the borehole length is -2840m  and required area is ~650m . The 
footprint area for the higher temperature in each temperature study is the same due to the 
same array pattern o f 4x7 boreholes being chosen for the simulation.
a) b)
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Figure 42 Temperature study results, a) cumulative length; and, b) GLHE array footprint
Bedrock Analysis
A summary of bedrock types and thermal properties are shown in Table 5 and the results 
are shown in Figure 43 and Figure 44. In this study the weather data and borehole 
temperature were both fixed so as to isolate the effects o f installing the GLHE in differing 
bedrock. Using typical values and the lower and higher bands for thermal conductivity, the 
cumulative borehole length was calculated for each bedrock.
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T ab le  5 Su m m ary  o f  b edrock  stu d y  p aram eters
C lim ate T ype 2
B oreh o le  average tem perature: 10.7°C
B edrock Thermal Con. 
M in/ T yp./ M ax  
(W /m K )
V ol. Cp 
(kJ/m3.K)
Sedimentary
Rocks
Mudstone 1.1/2.2/3.5 2250
Sandstone 1.3/2.3/5.1 2200
Limestone 2 .5 /2 .8 /4 2250
Metamorphic
Rocks
Meta-
Quartzite 5.S /6/7.5 2100
Mica-schists 1.5/2/3.1 2200
Gneiss 1.9/2.9/4 2100
Igneous
Rocks
Basalt 1.3/1.7/2.3 2450
Granite 2.1/3 .4 /34.1 2550
Rhyolite 3 .1 /3 .3 /3 .4 2100
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Figure 44 Bedrock study results, array footprint
The range in values highlights the significance of the thermal conductivity for vertical 
closed loop systems. Using the typical values the highest cumulative length was associated 
with basalt (~5020m) and the lowest was in meta-quartzite (~2020m). This obviously 
correlates with the lower and higher respective thermal conductivities for basalt and meta- 
quartzite.
What is more significant from these results is the influence in the range in values possible 
for certain bedrock types. For example the range in cumulative borehole length for 
mudstone is 2920-7450m and sandstone, 2260-6620m. Other bedrocks have a smaller 
range, Meta-Quartzite 1830-2160m and Rhyolite, 3010-3240m.
On analysing the corresponding footprint for each bedrock type the spatial implications are 
also significant, both for different bedrock types but again more so for the range in values 
per bedrock. This is of course influenced by the depth o f borehole chosen but using a 
nominal depth of 100m the impact of assuming certain values of thermal conductivity
without in-situ testing is clear. The areas required for Mudstone for example, can vary
2 2 2 from <700m to > 1800m for higher and lower conductivity values, and sandstone <600m
and >1600m . For Meta-quartzite the range is lower in value and not as wide at 430-
540m2.
The bedrock analysis used what was considered an average climate change type and bulk 
borehole temperature to allow for the respective thermal properties to be considered in 
isolation. Therefore, the results do not necessarily reflect potential installations in the UK.
Y J
Y
Sedimentary Rocks
Oi
<3
Y
Metamorphic Rocks
Y
Y
Igneous Rocks
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Most importantly, meta-quartzite is only present in Scotland and hence, the climate type 
used in this analysis is not then valid; the heating and cooling loads are likely to be much 
greater and the respective GLHE required, larger. In this example the bulk borehole 
temperature is also likely to be lower thereby impacting again on the borehole length. 
Mica-schists are also only found in Scotland.
Therefore, a useful further step to take is to consider the potentially worst and best case 
combination of thermal conductivity, specific heat capacity, bulk ground temperature and 
climate type. This process was completed by deliberate analysis of the different parameters 
which would result in the shortest and longest cumulative length. The respective 
combinations and results are outlined in Table 6. The best case scenario combines a low 
heating load with high thermal conductivity whilst the worst case scenario combines a high 
heat load and poor thermal conductivity. The results strongly underline the variability of 
the GLHE required for the same constructed building in different locations. The range in 
borehole length being 2,110 to 11,970m, and the range in area, 480 to 4020m .
T ab le  6 Suggested  w orst and best case com b in ation s for  a vertica l closed  loop  system  in  th e  U K
B est W orst
Climate Type CT3 CT1
Bedrock Type
Granite 
(higher end)
M udstone 
(Low er end)
Thermal conductivity 
(W/m.K)
4.1 1.1
Volumetric heat capacity 
(kJ/ms.K)
2,550 2,200
Bulk borehole 
temperature ( C)
11.8 9.8
Cumulative length (m)
2 ,109 11,967
Array
4x5 10x13
Array Footprint (m2) 475 4015
5.3.2 Horizontal Closed Loop
5.3.2.1 Geology Analysis
To consider the range in performance for horizontal closed loop systems the immediate 
surface geology is of interest. The surface geology is presented in Figure 9 on page 18 and 
Figure 36 on page 79, and forms a basis for the horizontal analysis.
The dominant geomaterial is now the superficial deposits covering approximately 58% of 
the UK and sedimentary rocks, just 33%. Metamorphic and Igneous rocks only cover a 
small area of the UK. It is also unlikely that a horizontal system will be installed in such 
geological formations as commonly used trench forming plant will have difficulty in 
digging due to their strength. In fact guidance and discussion provided by VDI (2001) and
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Banks (2008) suggest that horizontal systems should be installed in soils only. VDI ,for 
example, only provide sizing information for dry and saturated soils, sands and gravel. It is 
therefore likely that many limestone, mudstone and sandstone formations may also prove 
“unworkable” for suitable trench construction. However, for the basis of this section all 
soils and bedrock will be analysed with the understanding that at some locations where the 
outcropping bedrock is too strong such a system may not be possible.
5.3.2.2 Ground Temperature
The temperature swings for different locations can affect the near ground temperature. 
Using the Carslaw and Jaeger equation the temperature at different depths can be analysed.
Figure 45, Figure 46 and Figure 47 show the corresponding temperatures for the three 
different climate types at lm, 1.5 and 2mbgl. The input parameters for the temperature 
amplitude analysis are shown in Table 7.
T able 7 Input param eters for tem peratu re am p litu d e analysis
CT1 C T2 C T3
M ean T em p. Tm 7.8°C 9.6°C 10.5°C
T em p. A m p., A s 22.8 K 22.6 K 21.6 K
D epth , z 2mbgl, 1.5mbgl, lm bgl
T herm . C on. 2.3W /mK
D iffusiv ity 0.001m2/s
-C T 1 2 m b s l CT1 1.5mbgl  CT1 lmbel
U
33S.O3.
E
Months
F igure 45 CT1: G round tem peratures at 1 ,1 .5  and 2m below  ground level
20
CT1 Summary
Max Min
2mbgl 11.3 4.3
1 .Smbgl 12.4 3.2
lmbgl 13.8 1.8
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F igure 46 C T2: G round T em peratures at 1 ,1 .5  and 2m  below  ground level
CT3 2mbgl CT3 1.5mbgl  CT3 lm bgl
U
CT3 Summary
Max Min
2m bgl 13.7 7.1
l.Sm bgl 14.8 6.0
lm bgl 16.4 4.4
-C
[2 ■cn.<
do3<
M onths
F igure 47 C T3: G round T em p eratures at 1, 1.5 and 2m  below  ground level
As expected the lowest temperature calculated, 1.8°C, is for climate type 1 during the 
winter at lmbgl and the highest for climate type 3, 16.4°C, at lmbgl. With depth the 
fluctuation in temperature reduces so lower temperatures are experienced during the 
warmer months and greater temperatures during the colder months. The amplitude at 
2mbgl is very similar for CT1 and CT2 at 7K, with CT3 slightly lower at 6.6K. The 
amplitude at 1.5mbgl and lmbgl follows a similar pattern. At 1.5mgbl the amplitude is 
9.2K for CT2, 9.2K for CT1 and 8.8K for CT3. The respective amplitudes at lmbgl are 
12.4K, 12K and 12K. This analysis suggests that the temperature amplitude near the 
surface does not change considerably throughout the UK. This is in accordance to similar 
air temperature amplitudes. The mean annual air temperature remains the most important 
temperature related consideration.
For similar heating season ground temperatures to be experienced at the three locations the 
GLHE could be installed at different depths. Figure 48 shows the temperature fluctuations 
at lmbgl for CT3, 1.5mbgl for CT2 and 2mbgl for CT1. The corresponding temperatures
CT2 2mbgl CT21.5mbgl  CT2 lmbgl
CT2 Summary
M ax M in
2m bgl 13.1 6.1
1.5m bgl 14.2 5.0
lm bgl 15.8 3.4
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are now similar from November through to March which corresponds with the main 
heating seasons. This indicates the possibility to install similar performing and sized 
GLHEs in different locations with a similar length trench and pipe-work. This of course 
only remains valid if the heating loads are similar. This maybe unlikely without additional 
passive measures or alternative heating.
 Aberdeen 2mbgl M anchester 1.5mbgl  Camboume lmbgl
20 i
15
10
5
0
oO
>a
o<D□
C s_
CL
3—>
iMonths
F igure 48 A djustm ent o f  trench depth to get the sam e w in ter ground tem p eratu re  for C T 1, C T2 and  
C T3
5.3.2.3 Project Analysis
The building used for the analysis was the same as that used for the vertical closed loop 
analysis, i.e. the museum shown in 6.3 on page 124. This time the software package 
GS2000 was used to simulate and size the GLHE. The generic input parameters for each 
analysis are shown in Table 8.
T able 8 G S2000 Input param eters for tem p eratu re and geology  analysis
Pipework trench width 2m
Trench depth 1.5m
Pipework spacing 500mm
Configuration 4-pipe parallel
GLHE HDPE PE6
GLHE 1 0  /O 0 28.6/33.4mm
GLHE Glycol flow rate 0.2m/'/hr. kW
Pip Th. Con 0.39W/mK
Glycol 20%>Propylene/ 80%Water
M aximum Flow Tem perature GLHE 2 0 V
M inimum Flow Temperature GLHE -2 V
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The results from the temperature analysis are shown in Table 9. In analysis 1 the apparent 
impact of the surface temperature is more pronounced due to the higher net heat 
abstraction required from the GLHE. The area required for the ground loop for CT1 is 
more than 50% higher than for CT2. In comparison the GLHE area for CT3 is -15%  less 
than CT2. By eliminating any differences in the heating loads the mean surface 
temperature is still significant, with the lower mean surface temperature of 7.8°C 
synonymous with CT1, causing a 25% increase in GLHE area in comparison to CT2. The 
higher mean surface temperature of 10.5°C allows a reduction in GLHE length by 6.5%.
Table 9 Horizontal closed loop: temperature analysis
Temperature Analysis 1 Temperature Analysis 2
Average Surface
Temperature
(V ) 7.8 9.6 10.5 7.8 9.6 10.5
TRY CT1 CT2 CT3 CT2
Thermal Con. 
(W/mK) 2.3
Vol. Cp 
(kJ/m3.K) 2231
Cum. Length 
(m) 1567 1041 886 1288 1041 973
Area (m2) 3134 2082 1772 2576 2082 1946
The results for the geology analysis are shown in
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Table 10. In this analysis both the weather data and surface temperatures were fixed to 
focus the comparison between the saturated, and unsaturated superficial deposits and 
bedrock. The lowest GLHE area calculated was Granite (1968m ) whilst the highest 
calculated was for unsaturated sand and gravel (2480m ). The most significant difference 
is seen between the unsaturated superficial deposits and peat, and saturated superficial 
deposits. This is somewhat expected due to the low thermal conductivity o f air compared 
to water. Comparing the results o f the horizontal analysis to the vertical analysis shows the 
greater impact of higher thermal conductivity on the GLHE length for vertical systems.
The higher thermal conductivity bedrocks are not necessarily beneficial to the performance 
of a horizontal system. Certainly there seems to be a tendency for a reduction in GLHE 
length but there is now an added seasonal influence of the surface temperature. Hence, 
highest conductivity bedrocks, whilst improving the heat transfer to the GLHE from the 
surrounding ground, also increase the correlation to fluctuating surface temperatures. This 
is shown in Figure 49. Meta-quartzite which has a typical thermal conductivity o f 6W/mK 
has a wider temperature amplitude (13.3K) versus that of Granite (10.4K) and unsaturated 
sand and gravel (4K).
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Table 10 Horizontal closed loop: geology analysis
Saturation of Superficial 
Deposit/
Bedrock Group
VDI
Reference
Thermal
Con.
(W/mK)
Vol. Cp 
(kJ/m3.K)
Cum.
length
(m)
Area
(m2)
Saturated Pebbly silty clay Claystone 2.2 2250 1040 2080
Clay, silt, sand clay/silt 1.7 2400 1055 2110
Sand and gravel
Average of 
sand and 
gravel 2.1 2475 1022 2044
Unsaturated Pebbly silty clay Claystone 1.1 2250 1121 2242
Clay, silt, sand clay/silt 0.5 1550 1222 2444
Sand and gravel
Average of 
sand and 
gravel 0.4 1475 1240 2480
Peat Peat 0.4 2150 1201 2402
Sedimentary Mudstone Claystone 2.2 2250 1041 2082
Mudstone and 
Sandstone
Mudstone and 
Sandstone 2.25 2125 1050 2100
Sandstone Sandstone 2.4 2200 1052 2104
Limestone Limestone 2.8 2250 1021 2042
Metamorphic Meta Quartzite
Meta
Quartzite 6 2100 1018 2036
Mica Shists Mica Shists 2 2200 1049 2098
Gneiss Gneiss 2.9 2100 1034 2068
Igneous Basalt Basalt 1.7 2450 1052 2104
Granite Granite 3.4 2550 984 1968
Rhyolite Rhyolite 3.3 2100 1025 2050
Page 96
James Dickinson Final Dissertation
 M eta  Q uartzite unsatu ra ted  sand  and gravel   Granite
20
|  3  =  O «
Months
Figure 49 Comparison of fluctuation in temperature at 1.5mbgl between 2 bedrocks and an 
unsaturated superficial deposit.
5.3.3 Open Loop
The section presents the results from the hydrogeology spatial review.
5.3.3.1 Hydrogeology Analysis
Figure 50 shows the limited area in the UK which can be exploited for ground water 
abstraction. The dataset was analysed using ARCGIS. Only 19.7% of UK bedrock is 
classified as productive whilst a further 20.3% is classified as having only moderate yields. 
The remaining 60% of the UK is classified as unproductive or having limited or only local 
potential. This has an immediate impact of reducing the potential to install an open loop 
system in the UK.
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Figure 50 Hydrogeology of the UK by area
The groundwater resource was then broken down by aquifer type and region with 
associated references for aquifer properties. This is summarised in Figure 51.
Five productive aquifers are indentified in England and Wales; the Chalk (1), the Jurassic 
Limestones (2), the Magnesian Limestones (3), the Lower Greensand (4) and the Permo- 
Triassic Sandstones (5). Where necessary each aquifer is further broken down by region. 
The two dominant aquifers are the Chalk and the Permo-Triassic Sandstones. The five 
aquifers are mainly concentrated within England, with the only notable productive aquifer 
outside this boundary being in North Wales, the Vale of Clywd (5E).
In Scotland, there are 2 main aquifer types, the Carboniferous and Old Red Sandstone. In 
southern Scotland these two aquifers are sporadically mixed (6), with a smaller 
concentration of sandstone where the groundwater flow is predominantly intergrannular 
(8). Aside, a small area of Old Red Sandstone around Inverness (7) the vast majority of 
Scotland is underlain by impermeable rock with limited or no potential for abstraction.
In Northern Ireland, there are again two main aquifers, the Permo-Triassic Sandstones to 
the east and the Carboniferous Limestones to the west.
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F racture Flow 
In tergrannular Flow
7
2A
5G-
5F-
5 D - 2B5E-
4B
5B-
1B
5A
4A
Aquifer
Code
Aquifer Type Region Code Region Reference
1 Chalk A South o f  England Allan et al 0997)
B Thames Basin Allan et a! (1997)
C East Analia Allan et a! (1997)
D Yorkshire Flumberside and  Lincolshire Allan et al (1997)
2 Jurassic Limestones A County Durham Allan et al (1997)
B East M idlands Allan et al (1997)
C Cotswolds Allan et al (1997)
D Bristol Channel Allan et al (1997)
3 M agnesian Limestone A Durham Allan et al (1997)
B Yorkshire and Nottinghamshire Allan et al (1997)
4 The Lower Green Sand A The W eald and IofW Allan et al (1997)
B Bedford and Cambridge Allan et al (1997)
5 Permo-Triassic Sandstones A South W est Allan et al (1997)
B W est M idlands Allan et al (1997)
C Shropshire Allan et al (1997)
D Cheshire and S. Lancs Allan et al (1997)
E Vale o f  C hw d Allan et al (1997)
F Fylde Allan et al (1997)
G North W est Allan et al (1997)
H North East Allan et al (1997)
6 M ixof Carboniferous and Upper Old Sandstone Scotland BG8 (1998). M acD onald et al (1997)
7 Upper old red sandstone Scotland BGS (199S). M acD onald et al (1997)
8 Upper Old Red Sandstone o f Fife Scotland BGS (1998). M acD onald e ta l  (1997)
9 Carboniferous Limestones Northern Ireland Robins (1997)
10 Permo-Triassic Sandstones Northern Ireland Robins (1997). Kalin (2007)
Figure 51 Identification map of productive aquifers, region and aquifer properties reference
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5.3.3.2 Well Yield Assessment
Using the quoted references shown in Figure 51 it was possible to collate the transmissivity 
data for each aquifer in England and Wales. In the case o f the Chalk aquifer, each region 
was further broken down into sub-regions. This was due to the huge area each Chalk 
region covered and the variability of data thereon. The transmissivity data is shown for 
reference purposes in Appendix III. This also shows the number of samples taken to 
qualify the geometric mean, median and inter-quartile range (25% and 75%). For certain 
aquifer regions and sub-regions more samples have been obtained increasing the level of 
confidence for mean values. Such regions include West Suffolk, East Norfolk and North 
Essex in the East Anglian Chalk, and the North West and North East regions of the Permo- 
Triassic Sandstones. In other regions such as the Vale of Clywd and Flyde in the Permo- 
Triassic Sandstones and many regions of the Jurassic Limestones, fewer samples have 
been taken thereby reducing the confidence in the mean transmissivity data.
For Scotland and Northern Ireland no comparable transmissivity data was available but the 
quoted references provided “typical” yields that have been obtained from the respective 
aquifers.
The calculated yields using Logan’s approximation for each aquifer are shown in Figure 
52. The chalk aquifer would seem to exhibit both the highest mean yields and also inter­
quartile range which suggests a high variability o f yield in this aquifer. The highest mean 
yield (1361/s) is in North Lincolnshire, with further significant yields in Hampshire (931/s), 
North Dorset (931/s), Salisbury (801/s) and Yorkshire (731/s). The lowest apparent mean 
yields are found in the Jurassic sandstones, with the Bristol Channel Upper Lias at 31/s, and 
the Permo-Triassic Sandstones, with the South West region offering mean yields of 51/s. 
Both these regions have small inter-quartile ranges, 0.3-14.41/s and 1.7-17.71/s 
respectively.
The results seem to show that fractured bedrock systems in England and Wales, i.e. the 
Chalk, Jurassic Limestones and Magnesian Limestones, have greater yield ranges. This is 
to be expected due to the inherent randomness of fractures in these aquifers and the 
coincidental nature of intercepting such fissures when constructing a well. The Lower 
Greensand and Permo-Triassic sandstones have a smaller inter-quartile range as the 
transmissivity and yield is now led by a combination of intergrannular and fracture flow.
The mean yield for all the aquifers is 291/s and the median yield is 15.41/s. The mean value 
is skewed by certain higher value chalk sub-regions, so the median yield would seem to 
reflect a more typical yield found in the UK.
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5.3.3.3 Peak Heating and Cooling Capacity
Using equation [ 5 ] the maximum heating and cooling capacity per well was calculated 
using the following assumptions:
Heating Mode COP: 4.1
Cooling Mode COP: 7
This was in line with manufacturer’s performance data obtained from Water Furnace 
(2006) for the following model and operating conditions:
EKW130 reversible Chiller -  50Hz
Heating mode temperature regime:
EST24 -  10°C
LST25 - 5.8°C
ELT26 -  37.8°C
LLT27 - 43.3°C
Flow rate of 8.51/s on both condenser and evaporator sides
Cooling mode temperature regime
E S T - 10°C
L S T - 16.4°C
ELT -  10°C
LLT -  5.6°C
Flow rate of 8.51/s on both condenser and evaporator sides
The results are shown in Figure 53. The effect of the wide range in well yield available 
from each aquifer is clear. The results suggest that a well installed in aquifers such as 
North Lincolnshire and North Dorset Chalk can sustain, using the mean yield, peak heating 
capacities of >3,000kW and >2,100kW respectively. Using the 75% inter-quartile yield 
value the peak heat capacity increases to >8,200kW and >3,200kW respectively. The 
cooling peak capacity using the mean yield is >2,900kW and >2,000kW for the same two 
higher yielding aquifers, while the 75% yield suggests peak cooling capacities of 
>7,700kW and >3,000kW.
By comparison lower yielding aquifer regions such as the Permo-Triassic Sandstones in 
the South-West and the Jurassic Limestones in the Bristol Channel have much lower
24 E ST  -  Entry source temperature -  temperature o f  fluid entering heat pump from ground system
25 LST - Leaving source temperature -  temperature o f  fluid leaving heat pump to the ground system
26 ELT -  Entry Load temperature -  temperature o f  fluid entering heat pump from building circuit
27 LLT -  Leaving load temperature -  temperature o f  fluid leaving the heat pump to the building circuit
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respective heating and cooling capacities. Using the mean yield for the former the peak 
capacity is 130kW in heating and 121kW in cooling mode, whilst the respective peak 
capacities for the Bristol Channel Limestones are lower at 61kW and 57kW. These values 
drop to 41kW and 8kW using the 25% quartile yield.
The higher yielding Chalk aquifer has the greater potential to meet high peak capacities in 
buildings with the South of England and Yorkshire and Lincolnshire regions having, on 
average, the greatest values. The Thames Basin and East Anglia still generally have greater 
mean peak capacities than other aquifers, although there are a few exceptions such as the 
London Basin, East Norfolk and East Suffolk which demonstrate similar values.
Overall there is a clear picture of variable peak capacities that are possible from single well 
systems. This of course reflects the wide ranging aquifer transmissivities found throughout 
the UK. The results do not however suggest the maximum peak capacity that will be 
available from a particular site. There remains the potential for multi-well installations, 
although the cost per kW may then increase accordingly. Also, there will be spatial 
limitations on site which will not only limit the number of additional abstraction wells that 
can be installed, but also, if  100% discharge is required on site, the initial abstraction rate. 
This is because of the need to separate abstraction and discharge wells to prevent thermal 
interaction.
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5.3.3.4 Project Analysis
The first part of the project analysis was devised to understand the range in yield required 
to meet the peak heating and cooling loads for the same building type, situated in three 
climate types: CT1, CT2 and CT4. From this analysis the well spacing or site footprint was 
also calculated. This was completed using the median yield of 15.41/s/ calculated in 
5.3.3.2.J and the reversible heat pump characteristics detailed in 5.3.3.3.
The heating and cooling data for each climate type, along with assumed aquifer properties 
for the well spacing calculation are shown in Table 11. The space heating peak decreases 
from 192kW for CT1 to 147kW for CT4, whilst the cooling peak increases from 18 to 
3 lkW  for the respective climate types. The equivalent peak in exchange with the 
groundwater is lower in heating mode and higher in cooling mode in line with the direction 
of heat pump compressor work. Similar trends are apparent for each climate type for the 
annual energy summary, with CT1 showing higher heating energy demands versus CT2 
and CT4 and corresponding lower cooling energy demands.
Despite the difference in heating and cooling loads heat abstraction remains dominant 
throughout the vast majority of the year for each climate type. In CT1 the heating 
dominated days are 364, only lowering slightly to 351 for CT4. The average yield required 
during each period reduces more markedly, by 16% from CT1 (1.291/s) to CT2 (1.091/s), 
and by a further 12% from CT2 to CT4 (0.961/s). This is according to a simultaneous drop 
in energy load during this period.
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Table 11 Open loop project analysis 1: Summary of heating and cooling loads and aquifer 
parameters
C lim ate T ype CT1 C T2 C T4
Peak Load Summary
Space Heating Peak (kW ) 192 165 147
Groundwater heating peak (kW ) 145 125 111
Space C ooling Peak (kW ) 18 25 31
Groundwater cooling peak (kW ) 20 29 36
Annual Energy Summary
Space Heating Energy (kW h) 268,098 223 ,440 192,162
Groundwater Heating Energy (kW h) 202 ,709 168,943 145,293
Space C ooling Energy (kW h) 535 1,757 4 ,162
Groundwater C ooling Energy (kW h) 611 2,008 4 ,757
Kazmann and Whitehead Assessment Parameters
A quifer Thickness m  (ft) 15.2 (50)
A quifer Porosity 20%
M axim um  Y ield  (1/s) 15.4
Dom inant Heating D ays 364 358 351
Full load hours - heating 1,393 1,355 1,305
A verage Y ield  for dominant heating  
period 1.29 1.09 0.96
Figure 54 and Figure 55 show the results of the project analysis.
The peak abstraction rate required for the heating mode is between 6.21/s for CT4 and 
8.11/s for CT1 whilst the highest abstraction rate needed for the cooling mode is 1.41/s for 
CT4. All the peak abstraction rates are lower than the median yield of 15.41/s so only one 
pair of wells will be needed. The average abstraction rate required through the dominant 
heating period is between 1 and 1.31/s which is in line with a much lower base load for the 
majority of the year.
The complete well spacing graphs for each climate type are shown in Appendix IV. As 
expected the required well spacing increasing according to increasing heating load and full 
load hours. CT1 requires a well spacing of 56.5m, which is 9% greater vs. CT2, 
decreasing to 48.3 for CT4, which is -6.8% vs. CT2.
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The next step in the project analysis was to consider the impact on the range in yield and 
porosity for productive aquifers in the UK. This was aided using the analysis presented in 
Figure 52 and Figure 53. The building heating and cooling loads corresponding with CT2 
were used in this analysis.
By considering the mean yield for each aquifer region and sub-region only two sub-regions 
would be unable to meet the peak loads, the Bristol Channel Lias aquifer from the Jurassic 
Limestones group and the South West region of the Permo-Triassic Sandstones. This 
statistic was reduced to zero when considering the upper-quartile range for each aquifer 
and increased to 17 sub regions using the lower quartile range.
Using the Kazmann and Whitehead methodology the well spacing is also affected by the 
porosity of the aquifer. The range in mean porosity for England and Wales is provided in 
Appendix III, it was not possible to obtain typical porosity data for Scotland and Northern 
Ireland. The range in England and Wales is 14.5 to 38.8%. Using the correction factor 
suggested by Kazmann and Whitehead the range in well spacing, assuming the well can 
meet the peak load, is 46.7 to 53m. The higher values being attributed to the lower porosity 
aquifers; these include the Jurassic and magnesian limestones which all have mean 
porosities of less than 20%. Higher porosity aquifers such as the Chalk group and Permo 
Triassic Sandstones result in a lower well spacing.
In lower porosity aquifers the well spacing is greater because, to yield the same quantity of 
water as a higher porosity aquifer with the same thickness, the radius of the aquifer that the 
well abstracts from must be increased. Hence, to prevent thermal short circuiting the 
abstraction and discharge wells must be placed at a greater distance.
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5.4 Spatial Review Study Discussion
5.4.1 Closed Loop Vertical
The geology throughout the UK varies considerably. Superficial deposits are not generally 
o f great enough thickness to influence the design of a vertical closed loop BGESs so the 
bedrock becomes the dominant geomaterial to consider. Apart from isolated 
concentrations, the heat flux varies between 40-70mW/m , with an average value of 
57mW/m . Combining the feasible coincidental thermal conductivity and heat flux of 
bedrocks suggest that the thermal gradient can vary from 0.8 to 6.2K/100m with an 
average of 2.1K/100m. Again combing coincidental properties it is possible to suggest that 
the bulk borehole temperature for a 100m deep GLHE can vary from 8.3 to 13.5°C with an 
average temperature o f 10.7°C.
Whilst the volumetric heat capacity does not vary significantly from bedrock to bedrock, 
the thermal conductivity for different geomaterials does vary. Furthermore, the results for 
certain bedrock types suggest the absolute need for in-situ testing to be carried out due to 
the significant range in values. This is particularly true of sandstones, mudstones, 
limestones, mica schists, gneiss, basalts and granites. There is a lack of understanding 
about how many samples have been taken for each range within the referenced data set. 
Also, there is no information regarding how the testing was completed, i.e. with what 
equipment and procedures and at what locations. As the results come from a German 
publication it is not clear that the range will also be typical in the UK although, by 
definition, the bedrock will not fundamentally change in composition. Referencing such a 
publication remains justified in this case in the absence of other suitable country specific 
data sources and to show the potential influence in design from bedrock to bedrock and 
location to location.
In the UK, there are regional characteristics for certain bedrock types that could bias values 
within a tighter band with different typical values. However, not enough data has been 
made publically available to as yet make this judgement. There is an argument to suggest 
that as vertical closed loop BGESs become more popular that data from all thermal 
response tests should be logged with the British Geological Survey in a similar way to well 
and common borehole tests. Also, that testing procedures are made standard with 
certification required for all contractors. For the time being it seems that simply assuming a 
“typical” value throughout the design process could significantly affect the long term 
performance if a lower thermal conductivity is realised in-situ.
The spatial implications could be particularly significant for certain developments where 
there is limited space available near to the building(s). Also, if  there is a need to use typical 
values for thermal conductivity at the desktop feasibility stage there is a definite need to 
understand the likely range. A worst case scenario could be used to ensure that the 
realisation of a lower value during a thermal response test (TRT) does not then invalidate 
the proposed system and strategy.
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Irrespective of the spatial implications, perhaps the most significant impact is on cost. It 
has not been possible within the scope of the research to gain installation quotes for all the 
scenarios tested but it is clear that as the GLHE is going to be a significant proportion of 
the total installation cost, the length variation according to bedrock thermal properties will 
make a huge impact.
5.4.2 Closed Loop Horizontal
Superficial deposits and sedimentary rocks dominate the surface geology in the UK. The 
thermal properties near the surface will be led by the saturation of the geomaterial and it is 
too difficult to generalise spatially throughout the UK. The below ground temperature 
amplitude does not vary greatly throughout the UK and hence will not have a bearing on 
the difference in performance from site to site. As with the vertical closed loop systems, 
increased heating loads cause a greater net heat abstraction from the GLHE thereby 
requiring a greater area for the ground loop.
Aside from the differences in heating and cooling loads, the mean annual surface 
temperature has the most significant effect on the length and area of the GLHE. In the UK 
the surface temperature seems to affect the length of the GLHE to a greater degree than the 
bedrock type and thermal properties.
Generally, however, higher thermal conductivity and volumetric heat capacity leads to a 
smaller GLHE area. The exception is where particularly high thermal conductivity bedrock 
can cause the temperature at the depth of the trench to correlate more closely with the 
surface temperature. However, the practicalities and cost of installing a horizontal system 
in such stronger bedrock which is not significantly weathered will undoubtedly prohibit 
this occurance.
Further north, e.g. Scotland, would require a minimum trench depth to ensure that 
minimum entry water temperatures into the heat pump do not fall too low during the 
heating season. Therefore, due to increased GLHE costs in colder climates it may become 
more cost effective to consider extended optimisation of passive measures in the building 
or alternative heating methods for certain periods.
5.4.3 Open Loop
The UK has limited potential for open loop versus closed loop systems. It is estimated that 
only 19.7% of the UK is underlain by “productive” aquifers. According to the 
methodology used, the range in yield is extremely large, not just between different aquifer 
types and regions but also within these regions. The range in yield is generally greater for 
aquifers dominated by fracture flow due to the need to intercept fissures in the bedrock to 
connect with groundwater channels.
Due to the range in values there remains an inherent risk that assumptions made at design 
stage will be higher than realised yields following a site investigation. The analysis 
focussed on the mean and the inter-quartile range. Reference to minimum values of 
transmissivity data for each resource highlights that typically high yielding aquifers such as 
the chalk in the North Dorset and Yorkshire regions can still have extremely low
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transmissivities. In such instances the yield from the well could be less than 0.11/s thereby 
making the corresponding heating and cooling capacity too low to be economically 
feasible. Therefore, whilst the mean yields from the majority of the aquifers under analysis 
could meet the peak capacity for the building analysed the need for a full site investigation 
is an absolute requirement. In comparison, the key parameters for closed loop systems, 
although still having the potential to vary considerably, will not approach such low values.
The project analysis highlighted that the range in heating and cooling loads from location 
to location has less of an effect. Certainly the yield realised must meet any variation in 
peak capacity but the variation in annual energy load then only affects the well spacing. In 
this example the required well spacing did increase but, although remaining important in 
the analysis, not by a significant amount.
No enough immediate data was available to assess the spatial potential from moderate 
yielding aquifers. However it is highly likely the mean yield will be lower than that for 
productive resources, thereby reducing the potential to use for larger non-domestic 
applications.
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6 Design Case Studies
6.1 Chapter Introduction
The purpose of this chapter is to review the impact of differing UK specific parameters and 
approaches to sizing the system on the engineering, carbon reduction and economic case 
for Building Ground Energy Systems. Briefly, these can be outlined as follows:
1. Impacts of projected climate change scenarios up to 2050 on the energy 
requirements for the buildings.
2. Impact of differing electricity carbon dioxide projections up to 2030.
3. Life cycle costing o f bivalent versus monovalent systems including a review of the 
impact of differing discount rates and utility pricing scenarios up to 2030.
4. Cost effectiveness o f BGESs to reduce carbon dioxide emissions versus 
conventional heating and cooling technologies.
Four case studies will be used to review the relative impacts of points 1 to 4. The design 
case studies have been chosen to look at the specific impacts on non-domestic buildings 
and are projects that are either ongoing or have since been completed by the host company. 
All the case studies are first introduced by way of an overview sheet in section 6.3 which 
summarises the main characteristics of the building, the site geology and hydrogeology, 
spatial aspects o f the respective sites, and the predicted energy loads. The four design case 
study buildings and chosen BGES type are summarised as follows:
© Building 1: A Museum in North West Scotland -  Closed Loop BGES
© Building 2: An Academy in North West England -  Closed Loop BGES
© Building 3: A Theatre in Central England -  Closed Loop BGES
© Building 4: A College in Central London in the South East o f England -  
Open Loop BGES
The chapter is split into three main sections. Firstly, a description of the methodology 
details the various equations used and the necessary assumptions required to enable the 
analysis to be completed. The second section details the case studies and the results, whilst 
the final section discusses the relative impacts of each of the parameters and sizing 
philosophy prior to a broader review in the conclusions section.
Earlier in the research programme a conference paper was completed and presented at the 
2007 20th International Conference on Efficiency, Cost, Optimisation and Environmental 
Impact of Energy Systems in Padova, Italy (Dickinson et al., 2007). This paper was based 
on initial calculations for the second design case study created by a) the design team for the 
thermal loads of the concept stage building, and b) by the author due to the methodology 
developed at the time. The paper was recommended and then accepted for publication in 
Energy, the International Journal (Dickinson et al., 2009b). The calculations presented in
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this chapter have been updated following the completion of the detailed design of the 
building and with the consequent updated methodology.
The geological and hydrogeological aspects have already been considered in chapter 5.
The focus of attention now moves to the building energy demands, climatic changes, 
carbon emissions and sizing appraisal.
6.2 Design Case Study Methodology
An overview of the methodology is given in Figure 56. Each design case study is first 
introduced by way o f an overview description page. This summarises the building layout, 
the geology and hydrogeology, building occupancy, location temperature and also the 
thermal loads calculated in the building IES-VE model. This initial step provides a basis 
for the decision of the type of BGES under focus for each building, along with other 
project influences, e.g. client preference or project timing.
The design case studies are focused on four main areas of analysis, namely the climate 
change scenarios, carbon dioxide projections and bivalent energy and economic appraisals. 
The fourth area o f analysis focused on the cost of carbon dioxide abatement for each 
building. The purpose was to review the effects of each area in isolation so as to identify 
key aspects that should be considered in the design of BGESs.
Overview o f  M e th o d o lo g y  fo r  Design C a se  Studies
1, C lim ate Change Scenarios
I 2. Im pact of C arbon Dioxide Projections"
3. Bivalent E nergy and Economic 
A ppraisal
4. C ost of C arbon A batem ent
Application ofVKCIP02 Scenarios to IES model to calculate 
change in energy loads over time, impact on size o f  peak 
GSHP system
White Paper, Settle et al (2006), Building Regulations 
coefficients applied to Peak GSHP model.
Incremental Sizing o f GSHP system and impact on sizing o f  
ground energy system; and
Net Present Cost model; Capital costs arid operational costs, 
including energy price scenarios.
Applying Jackson (1991) methodology to bivalent sizing o f  
BGES to analyse cost effectiveness to reduce carbon 
emissions over 20 year period
Figure 56 Design case study outline methodology
The following subsections provide more detail about the methodology used for each 
section.
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6.2.1 Climate Change Impacts
Using the scenarios presented by Hulme (2002), 2005 test reference year (TRY) weather 
files for each site were generated using the WeatherGen tool developed by Jentsch (2008). 
The files generated for each case study are summarised as follows:
1. 2020s: Low(l), mid-low(ml), mid-high(mh) and high(h)
2. 2050s: low®, mid-low(ml), mid-high(mh) and high(h)
Each building was then simulated in IES using the new weather data files. Following this 
the design case studies were reviewed to understand the change in heating and cooling 
capacity along with the respective annual energy loads for each time slice. The intention 
was not to investigate the reasons for different relative changes between the buildings and 
locations, but to gain an understanding of by how much they may change and what impact 
this will have on the sizing philosophy of the BGES. However, comment will be made 
where appropriate to briefly suggest why differences are apparent.
A number of points can be made at this juncture to aid the understanding of the possible 
differences in heating and cooling load. It is reasonable to assume that the buildings will 
react in different ways; this will be a function o f the anticipated weather data for that 
location, but also the construction of the building. The report by Hulme et al suggests the 
south of the UK, particularly the south-east, will experience higher increases in 
temperature over the century (2002). For example, comparing London versus parts of 
Scotland the average mean air temperature is likely to increase, using the high emissions 
scenario for 2050, by 2.5-3°C and 1.5-2°C, respectively. Therefore, buildings in the south 
east should show higher impacts in heating and cooling than the rest o f the country.
As will become clear following the introduction of the case studies, the ground side system 
under analysis for 3 o f the 4 buildings is a vertical ground loop heat exchanger (GLHE). 
For the last building, an open loop system is under focus. The approach to consider the 
effects of climate change to both a closed loop and open loop system is as follows:
For a closed loop system there was a need to consider how the change in net heat 
abstraction and rejection affects the validity o f the sizing of the system using a typical 
2005 TRY weather file for the location. The ideal way to model these changes would be to 
interpolate the data from each future weather data scenario for each year and then simulate 
using GLHEPro. Unfortunately, this is not easily approached with this software package 
without a considerable number o f simulation iterations, i.e. for each year over the lifetime 
of the technology. However, this change in the energy balance can still be reviewed for 
certain scenarios to demonstrate why the performance may improve. For example, using 
the 2050 high emission scenario it will be possible to calculate the net heat abstraction 
from the GLHE and compare it to that using the TRY2005 data. This was completed using 
equations [ 1 ] - [ 4 ] noted on page 15. For the purpose of these calculations a COP of 4 
was assumed in both heating and cooling modes. This was found to be typical in 
simulations carried out using GLHEPro for heating flow and return temperatures o f 43°C 
and 38°C and for cooling, a flow temperature of 10°C and a return temperature o f 14°C.
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For an open loop system the validity of the system design will focus on the peak capacity 
and the yield then required, but also the increased possibility of thermal short circuiting 
between the abstraction and discharge wells. The well spacing calculations were completed 
using the Kazmann and Whitehead methodology noted in 3.1.2.2 on page 47. An infinite 
well yield is assumed in this case to simplify the calculation, with the same coefficient of 
performance for heating and cooling modes noted in 5.3.3.3 on page 102.
6.2.2 Carbon Dioxide Projections
This subchapter details the methodology used to first develop electricity carbon dioxide 
scenarios and secondly the methodology used to calculate the cumulative emissions of a 
BGES compared to a conventional installation.
Carbon dioxide emissions scenario development
The literature review identified the need to analyse the effects of using different electricity 
carbon dioxide intensity factors when calculating the emission savings of using a BGES 
for heating and cooling a building. This section details the different sources used to 
construct 6 different scenarios to reflect the range in carbon dioxide factors possible. These 
will then be applied to the design case studies.
Firstly, in line with government legislation the use of the factors published within the 
Building Regulations should be used as a baseline; these are as follows:
Electricity: 0.422kgCO2/kWh (CLG, 2006)
Gas: 0.194kgC02/kWh (CLG, 2006)
Secondly, whilst government policy has intimated that the generation mix will alter 
considerably in the medium to long term to help decarbonise grid electricity, this has yet to 
be realised and the system average has not changed significantly since 1996. The system 
average for 2007 was as follows:
2007 System Average Electricity: 0.557kgCO2/kWh (BERR, 2008a)
Thirdly, assuming that government policy is indeed implemented, the latest updated energy 
projections provide a number of possible scenarios leading up to 2020 (DTI, 2007b). Using 
these data it will be possible to interpolate to calculate the corresponding year on year 
system average emissions for each scenario. For this analysis three principal scenarios 
have been chosen from the latest projections; low, medium and high carbon dioxide 
reduction projections.
Added to the ongoing changes in generating plant and resulting annual system average is 
the variation throughout the day as a result of different plant coming on line. Typically, 
less efficient and more carbon intensive plant is currently used during peak times with 
nuclear and more efficient plant being used for the base load (Hitchin E.R. Pout C.H.,
2002; Bettle R. et al, 2006). These peak times happen to coincide with periods during the 
day when space heating and cooling will be needed. Therefore, this leads to the
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consideration of a further so called incremental C 0 2 coefficient that has been projected up 
to 2020 by Hitchin and Pout (2002) and Bettle et al (2006).
The suggested values by Bettle et al are summarised in Table 12.
T ab le  12 Su m m ary  o f  in crem en ta l C 0 2 in ten sities by B ettle  et a l (2006)
Year System  A verage Incremental Average D ifference (%)
2005 0.436 0.66 +50%
2010 0.436 0 .502 +15.1%
2020 0.436 0 .447 +2.5%
What is clear from the work by Bettle et al is that the system average is different from the 
reported factors more recently published by DEFRA, DTI and now DBERR. Closer 
inspection reveals that the work by Bettle et al was carried out using earlier reports by the 
DTI (1999; 2000). This is partially revealed by the assumed system average for 2005-2020 
only being 0.436kgCO2/kWh when in fact the figures for 2005 are much higher. Therefore, 
to make use of the concept of the incremental intensity, and still to demonstrate the 
potential impact to BGESs, it was decided to utilise the relative differences shown in Table 
12 and apply to the more recently reported intensity data. Further work, which is 
apparently to be completed by Bettle et al, is said to analyse further the application of 
specific intensities to certain end-uses during the day, but this has not been published to 
date.
In summary, the scenarios and respective references used for the analysis are outlined in 
Table 13. The references used for scenarios 3-6 only provide data up to 2020, therefore, to 
enable savings throughout the presumed lifetime of the heat pump, the data has been 
extrapolated up to 2030. This was completed using the marginal differential for the period 
2015-2020 for each respective scenario. This is seen as acceptable simply to demonstrate 
the possible variability o f long term emissions from electricity generation for this study. 
The incremental adjustment will be applied to scenario 4, the medium C 0 2 savings 
projection. Each scenario created resulted in a year on year on carbon dioxide intensity for 
grid electricity.
T ab le  13: E lectr ic ity  C arbon  D iox id e  E m ission  Scenarios
S cenario D escrip tion R eferen ce
Sc 1 B uilding R egulations 2006 (CLG, 2 0 06 )
Sc 2 Static 2005  System  Average (BERR,
2008a)
Sc 3 D ynam ic L ow  C 0 2 Savings Projection -  System  A verage (DTI, 2007b)
Sc 4 D ynam ic M edium  C 0 2 Savings Projection -  System  A verage (D TI, 2007b)
Sc 5 Dynam ic H igh C 0 2 Savings Projection -  System  A verage (DTI, 2007b )
Sc 6 D ynam ic M edium  C 0 2 Savings Projection to 2030  -  Incremental A verage
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BGES carbon dioxide emissions projections
The purpose of this analysis was to consider the effect of assuming the differing carbon 
dioxide intensity factors summarised in Table 13. For this stage, only the peak building 
heating and cooling loads simulated using the 2005 TRY were analysed. The focus of 
attention was on the range in savings possible versus a conventional baseline system of a 
gas boiler with an efficiency, of 85% and a chiller with coefficient o f performance, 
COPec, of 3. The analysis was completed for each building for a 20 year period with 
consideration given to whether the building was either heating or cooling dominated.
The base equations for these calculations are shown in [ to [ 22 ]. The total emissions for 
the conventional system, E COnv., is made up of two main elements, the emissions from the 
operation of the gas boiler and those from the use of grid electricity for the electric chiller. 
The emissions from a closed loop system, EgShP, were calculated using the total electricity 
used by the heat pump, Qegshp, and the circulation pump, Qecp. The annual electricity used 
for the heat pump was generated from the simulation using GLHEPro for a peak sized 
system. For the circulation pump the total electricity used was estimated at 7.5% of the 
total heat pump electricity; this was in line with VDI guidance (VDI, 2001). For the open 
loop system the total emissions, EgWhP, were calculated using static efficiencies for heating, 
COPhp,c, and cooling, COPhp,c* This was due to the assumed constant ground water 
temperature through the system. The well pump electricity was taken as 15% of the GWHP 
load again in line with VDI guidance.
Qh.
flgb
xCF„
yr20
yrl COP,
•xCE
EC
e,yr
Fgshp [(Qegshp + QcP)x LFeyr]
[ 2 0 ]
[ 2 1 ]
"gwhp'
yr20
yrl
Qh
v COPhp>h COP,
+  Q
hp,c
wp x C Ee,yr [ 2 2 ]
Econv,gshP,gvvhp= Carbon dioxide em issions for conventional system , closed  loop GSHP and open loop  
GWHP (kgC 02)
CFg= Carbon dioxide factor for gas (k g C 0 2/ kW h)
CFejyr=  Carbon dioxide factor for electricity for specific year (k g C 0 2/  kW h)
Q c , h =  Total annual cooling and heating load (kW h)
COPEC>hP =  C oefficient o f  performance for electric chiller, heat pump (c= cooling  m ode, h=heating  
m ode)
Q e g s h P=  Total annual electricity consum ed by  H P(s) generated from GLHEPro.
Qcp =  Circulation pump electricity, estim ated as 7.5%  o f  HP load in line w ith V D I guidance (V D I, 
2001)
Qw-p- W ell pump electricity estimated at 15% o f  GW HP load in line w ith  V D I guidance (V D I, 2 0 01 )
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6.2.3 Bivalent Energy and Economic Appraisal 
Bivalent Energy Appraisal
The purpose of this analysis was to breakdown the energy load into a bivalent dual heating 
and cooling load and to compare versus a peak sized system. A number of different 
iterations were used to review the utilisation and consequent capacity sizing for the BGES. 
This was completed to enable a reasonably accurate trend to emerge for each design case 
study. For example the peak heating load for design case study 1 was broken down by 
25kW steps, as follows:
Iteration 1 = 25kW, iteration 2 = 50kW ..... Iteration “peak” = 198kW.
In iteration 1 the peak heating capacity for the BGES under review is 25kW, i.e. the 
remainder o f the load is covered by conventional plant. Therefore, the gas boiler is sized to 
meet 173kW. For iteration 4 in this sequence the peak capacity was lOOkW and 
conventional plant would provide the equivalent of 98kW to the circuit. The bivalent 
energy analysis was completed assuming conventional plant to cover the remainder of the 
required demand, see Figure 57. O f course in practice the thermal capacity would depend 
on the available heat pump units and gas boilers but for the purpose of this exercise the 
sizing is assumed to be definable as required. For the larger peak loads of the remaining 
design case studies, the iteration size was higher.
A reversible heat pump system was assumed which allowed for simultaneous heating and 
cooling from the heat pump bank according to demand and the BGES peak capacity. In the 
case of simultaneous heating and cooling loads which could not be met by the maximum 
capacity of the BGES, the system prioritised to cooling mode. For example if the peak 
capacity of the BGES was again lOOkW and the required cooling capacity was 15kW and 
the heating capacity, 90kW, then the heat pump bank would deliver 15kW of cooling and 
just 85kW of heating. The remaining heating load would be delivered by conventional 
plant.
The operation was assumed using a sliding header as shown in Figure 58. In operation, 
depending on the heating and cooling load, the header valves are controlled to direct heat 
from a number of the heat pumps in the heat pump bank to the respective heating and 
cooling circuits. Again, in practice there would be a step depending on the size of the heat 
pumps, and the type and number of compressors within each heat pump. However, this 
infinitely variable analysis simplified the analysis and allowed for the same model to be 
used for each building.
Heat is either abstracted or rejected from and to the ground side system. For a closed loop 
system the heat transfer is through a ground loop heat exchanger and for an open loop 
system, heat is abstracted and rejected to ground water via a heat exchanger. Spreadsheet 
analysis enabled the total annual heating and cooling loads to be calculated for each 
iteration using the annual hourly profile generated from IES-VE and the 2005 TRY for 
each location.
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In the case of the closed loop system, simulations were completed using GLHEPro to 
calculate the cumulative length of the GLHE required. This also enabled the feasibility of 
the installation to be reviewed versus any spatial limitations for each case study. The 
GLHEPro output file provides the units of electricity required to run the heat pump 
according to fluctuations in efficiency as the GLHE temperature varies throughout the 
year. For the open loop assessment recommendations were taken from an in-house 
hydrogeologist on the number of abstraction wells (AWs) that could be installed on site 
assuming injection to respective discharge wells, also, within the site boundary.
The generic parameters used for the closed loop simulations using GLHEPro, and the open 
loop calculations are shown in Table 14.
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Table 14 Generic Input Parameters for Closed and Open Loop Calculations
Closed Loop GLHEPro parameters
Length o f  Sim ulation 20 Years
M inim um  Entry Water Temperature (EW T) from  
GLHE, i.e. heating m ode
-2°C
M axim um  EW T from GLHE, i.e. cooling m ode 25°C
Total F low  Rate A ccording to m axim um  capacity, heat pum ps) 
requirement and to ensure turbulent flow .
Heat Pump Performance 
(Variable COP dependent on EW T)
-W ater Furnace EK W  90kW  
Heating ELT 38 -  LLT -4 2 -4 3 .5  
C ooling ELT 10 -  LLT -4 .1 -5 .9
Thermal Conductivity Site D ependent
Volum etric Heat Capacity Site Dependent
Propylene G lycol Concentration 25%
N om inal B orehole Depth 100m
B orehole Spacing 6m
B orehole Diameter 150m m
Ground Loop Single U -tube HDPE
Ground Loop Inside Diam eter 32m m
Open Loop
H eating COP 4.1
C ooling COP 7
Y ield L ogan’s Approxim ation, see [ on page 48
W ell Spacing Kazm ann and W hitehead m ethodology, see  
3.1 .2 .2 . starting on page 47
Bivalent Economic Analysis
The net present cost (NPC) methodology was deemed appropriate due to the ongoing 
requirement for electricity to drive the heat pump compressor and auxiliary circulation and 
well pumps. Discount rates of 3.5% and 8% were assumed; the former representing the 
value recommended by UK treasury for government funded projects (HM Treasury, 2003) 
and the latter, representing a more commercial rate typical at the time of the study.
The two main considerations for the economic evaluation are the total initial investment, 
i.e. the capital costs, and the ongoing operational costs resulting from the installation of the 
complete heating and cooling system.
Capital Costs
In each case the total system capital costs were made up of two main elements, the GSHP 
and additional conventional plant needed to cover residual loads. The GSHP costs included 
estimates for the GLHE, civil engineering work, heat pumps and associated pumps and 
valves using quotes obtained during the design process. The conventional plant included 
gas boilers and electric chillers, including heat rejection and associated pumps and valves.
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To simplify the analysis the building side heating and cooling distribution design was 
assumed to be the same in all cases.
Inevitably, it was not possible to obtain quotes from contractors for each iteration and 
design case study. Instead a number of quotes were obtained for mid-range systems for 
each building to enable the economic model to be completed. For example, a typical price 
was established per kW of heat pump installed, and per m of borehole. Conventional plant 
was priced using industry references, and also, where available, for comparative quotes 
obtained for each case study.
Operational Costs
The ongoing costs identified for the system included energy, i.e. electricity and gas, and 
the annual maintenance required. Energy prices have increased significantly over the last 
few decades with gas prices increasing by a greater percentage than electricity prices.
This section outlines the formulae and methodology for analysing the effects of future 
electricity and gas prices in the UK on BGESs. Unit prices were projected up to 2030. This 
was to enable the projections to be applied to an economic model analysing 20 years of 
operation and to allow application to case study projects within the host company that are 
at various stages of procurement and design. The anticipated average lifetime for heat 
pumps, gas fired heating boilers and electric chilling plant is 20 years. It is accepted that 
this may be shorter or longer depending on actual usage and maintenance schedule for the 
plant.
Figure 30 on page 59 highlighted the respective trends in gas and electricity prices since 
1990. To analyse the impact of rising energy prices a number of scenarios will be applied 
to the economic model for application to each design case study. In the absence of 
referenced projections the scenarios will instead reflect short, medium and long term 
historical trends.
It is considered that recent short term fluctuations, i.e. over the previous 5 years, may 
reflect an extreme case whilst a more conservative estimation may reflect the 20 year 
historical trend. A 10 year period could then be used for the median scenario. As will 
become clear in the results section the 10 year average was similar to the 20 year period; 
hence, the 10 year period was not carried forward for the net present cost analysis.
The mean average increase for each time period, r , will be calculated by using equation 
[ 23 ]; this example shows the calculation for the average increase in gas over the previous 
5 years, i.e. 2004 to 2008. Retail price index data was collated from the 2008 Digest o f UK 
Energy Statistics (BERR, 2008a).
^FFIg.2004 ~KPIg.2003  ^
R^lg.2003
/R PIg.2005 " ^ ^ .2 0 0 4   ^
RPIg.2004
/ R P I g .2 0 0 8  ~~-TCEIg.2007 N 
REIg.2007
rg , 5 y r ----------------------------------------------------------------------------------------5------------------------------------------------------------------------------------- [  2 3  J
r = mean average rate o f  increase (%), g  =  gas 
RPL = Retail Price Index for gas.
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Using the three scenarios, i.e. the average increase rate for the previous 5, 10 and 20 year 
periods, electricity and gas prices were extrapolated for each year up to 2030 using 
equations [ 24 ] and [ 25 ]. Again, the 5 year time period is used by way of example. 
Equation [ 24 ] was used to calculate the electricity price, Ce, at year n and equation [ 25 ] 
the gas price, Cg.
To calculate the minimum COP required by the BGES in comparison to a gas fired heating 
system over the 20 year period, Equation [ 26 ] will be used. For space cooling, the GSHP 
system simply has to out perform conventional electrically powered chilling plant using 
ambient air for heat rejection.
Lifecycle Costing
The following equations form the basis for the net present cost evaluation and were derived 
using [ 18 ] on page 58. The N PC  of the BGES, N P C b ges, is initially made up o f the 
capital cost of the BGES, CbgeS5 and also the cost o f any conventional gas boilers, Cgb, or 
electric chiller plant, C ec required. For a peak sized BGES no conventional plant was 
required. The N PC  for the conventional system, NPCconv, initially accounts for the cost for 
gas boiler and electric chiller plant. For each proceeding year up to 20 years the operational 
costs for the system, Cop,yr5 were then added to the capital costs. Two different discount 
rates, rd , were used, namely 3.5% and a higher commercial rate of 8%. The operational 
costs included the fuel costs and a nominal maintenance charge o f 1% of the initial capital 
cost.
[ 2 4 ]
Cg,yr=n =  Cg.yrO ( 1 +  *g,5yrs )
Cg.yro = electricity unit cost at year 0 (£/kW h) 
Cg yro =  gas unit cost at year 0 (£/kW h) 
n = number o f  years from year 0.
[ 2 5 ]
opexvs.gb
LEg.yrO (1 +  rg,5yrs )  j  Bgb
COPopexvs gb =  minim um  COP required for operational saving versus gas fired boiler  
T)gb= Gas Boiler, seasonal effic iency  (%)
[ 2 6 ]
Ec -  Cbges + ^ GB + ^ EC
Cop = (Qe.Ce) (Qg-Cg) + CmgSbp + Cmgb +
Ce, see Equation [ 24  ]
Cg, see Equation [ 25 ]
mec [ 2 9 ]
[ 2 8 ]
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C m = C c .rm [ 3 0 ]
N PC  =  N et Present Cost (bges =  building ground energy system , conv= conventional 
baseline system
Cc =  Total system  capital cost (GB =  gas boiler, EC =  conventional electric chiller) (£)
Cop = Total annual operational costs for year n (elec =  electricity, m gshp = maintenance o f  
gshp, m gb =  maintenance o f  gas boiler, m ec=m aintenance o f  electric chiller) (£)
Qe=  Total electricity consum ption (kW he)
Qg =  Total gas consum ption (kW hgas)
rd=  discount rate (%)
rm = m aintenance rate as percentage o f  total capital costs, 1% 
n=0 =  start o f  occupancy.
N =  20 years from occupation o f  building
A comparison was then made versus a conventional system to calculate N P C var, see 
equation [31]. These calculations were then completed for each iteration of each building. 
Notably, the N PC  for the conventional system remained the same whilst N P C b ges varied 
according to the mix of the BGES and residual plant required.
N PC W =  N P C b g e s -N P C conv [ 3 1 ]
Table 15 summarises the input parameters used for the NPC analysis.
Table 15 Summary table of input parameters for NPC analysis
P aram eter V alu e
D iscount Rates, rd 3.5%
8%
Electricity Price Year 0, C eie c .v ro £0.025/kW h
Gas Price Year 0, C e a s .vro £0.075/kW h
Plant M aintenance Rate, rm 1% o f  Capital Cost
6.2.4 Least Cost Carbon Abatement
This section brings together the significant results from the previous sections to analyse the 
marginal cost per tCCb saved for each of the iterations using the methodology published by 
Jackson (1991). The difference here is that rather than comparing distinct different 
technologies, the analysis focuses on the marginal cost of carbon abatement (MCCA) of 
each bivalent system. The base equation here is:
r
M CCA =
N P C var
V Econv EbGES )
[ 3 2 ]
MCCA Marginal cost of carbon abatement,
(£/kg)
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6.4 Design Case Study Results
This section details the results from the design case studies. There are four main sections 
detailing:
© Climate Change Impacts
• Carbon Projections
• Bivalent Energy and Economic Assessment 
® Carbon Abatement Cost Appraisal
6.4.1 Climate Change Impacts
Examples of the climate change impacts are shown for Building 2, the Academy, and the 
Building 4, the college, in Figure 59 and Figure 60 respectively. The results for Building 1, 
the museum, and Building 3, the theatre, are shown in Appendix VI on page 241. The two 
sets of data presented in the main text have been chosen to show the effects to both an 
initially heating and cooling dominated building. Two graphs are shown for each case 
study. Firstly, graph a) shows how the simulated peak heating and cooling capacity differs 
for each future scenario. This also allows comparison with the corresponding capacity 
using the most recent Test Reference Year file for 2005, i.e. TRY2005. Graph b) shows the 
respective amiual heating and cooling energy loads for each weather scenario.
a) b)
1,200
1,000
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Heating peak 
Cooling peak
2020s 2050s
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1,200,000
Heating energy 
1  Cooling energy1,000,000
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0
c o
2020s
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F igure 59 B uild ing 2: A cadem y C lim ate C hange Im pacts a) Peak H eating and C oolin g; b) A nnual 
H eating and C ooling  E nergy
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Figure 60 B uild ing 4 rCollege C lim ate C h ange Im pacts a) P eak  H eating  and C ooling; b) A n nual 
H eating  and C ooling  E nergy
The peak heating capacity and annual energy load decreases in each example. The 
Academy capacity reduces from l,061kW to l,021kW for the 2020h scenario, and to 
963kW for the 2050h scenario. This is a fall of 9.2%. The college peak heating capacity 
reduces from 2,044kW to 1,418kW by 2050, a fall of over 30%. The annual energy load 
for the Academy reduces from ~764MWh to ~661MWh for 2020h and 538MWh for 
205Oh. The comparative energy loads for the College are ~349MWh, 262MWh and 
170MWh. The total percentage reduction in heating energy for the Academy is 29.6% and, 
for the College, 51.4%.
In cooling mode both example buildings show increases in both required capacity and 
annual cooling load. For the Academy the peak cooling requirement increased from 
408kW using TRY 2005 to 445kW for 2020h and 495kW for 2050h, an overall increase of 
21.3%. The College saw an increase of 29.6% from l,875kW to 2,430kW using 2050h.
The cooling energy increase for the Academy was from 154MWh using TRY 2005 to 
201MWh using 2050h, an percentage increase of 30.3%. Over the same time frame the 
results for the College increased from ~888MWh to l,446MWh, an increase of over 60%.
These example results show how different buildings can react differently to climate 
change. What is also noticeable in the results is that by 2050 the range in potential peak 
heating and cooling and energy demands is much greater than in 2020. This highlights the 
increased uncertainty for each of the scenarios moving forward.
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To aid comparison between the different scenarios and case studies a summary table of the 
percentage changes in peak capacity and energy loads is given in Table 16. Just the high 
emission scenarios are summarised for the two time slices, 2020 and 2050.
T able 16 C lim ate C hange Im pacts on D esign  C ase S tud ies P eak  C ap acity  and A n n u al L oad
B uild ing B u ild in g  1
M useum
B u ild in g  2
A cadem y
B uild ing  3
Theatre
B u ild in g  4
C ollege Average %
Heating
2020h kW -0.9% -3.7% -6.9% -12.8% -6.1%
kW h/a -6.8% -13.4% -11.5% -25.0% -14.2%
2050h kW -4.1% -9.2% -16.8% -30.6% -15.2%
kW h/a -17.1% -29.6% -25.2% -51.4% -30.8%
C ooling
2020h kW 20.5% 9.1% 11.5% 10.9% 13.0%
kW h/a 66.7% 10.5% 17.8% 24.9% 30.0%
2050h kW 68.9% 21.3% 27.4% 29.6% 36.8%
kW h/a 237 .7% 30.3% 45.4% 62.7% 94.0%
bold denotes highest impact of climate change of all case studies, italics=\owQst impact.
It is clear that all the buildings simulated show distinct changes in both heating and cooling 
demands. All the buildings showed a decrease in peak heating and annual heating load, 
with respective increases in cooling requirements. The average decrease in heating 
capacity using the 2050h scenario is 15.2% and the average increase in cooling capacity 
using the same time slice is 36.8%. The average changes in annual heating and cooling 
load seem to be more dramatic; with heating falling by 30.8% and cooling increasing by 
94%.
Some marked differences are apparent between the different buildings:
® Building 1: The Museum, a high thermal mass building, in particular showed high 
increases in cooling capacity and energy demands. Comparing the results of 
TRY2005 to 205Oh shows the peak cooling capacity increase from 12kW to 20kW, 
an increase of nearly 70%. The difference in the annual cooling load for the two 
scenarios is 237.7%. Using the 2020h weather data file the changes are less 
pronounced but still significant with the peak cooling capacity increasing by 20.5% 
and the annual cooling load by 66.7%. In heating mode the changes are not as great 
as those for the other three case studies. Using 2020h and 2050h the peak capacity 
reduces by 0.9 and 4.1% respectively, and the annual cooling load by 6.8 and 
17.1%.
© Building 2: For the Academy the changes in heating are higher but still modest in 
comparison to the Theatre and College. The Academy does show the lowest 
increase in cooling capacity with the peak value only increasing by 9.1% using 
2020h and 30.3% by 2050h
© Building 3: The Theatre building shows relatively moderate increases in cooling 
capacity and annual load and corresponding decreases in heating requirements. By 
applying 205Oh to the building model the peak heating capacity drops by 16.8%
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and the cooling capacity by 27.4%. The annual heating load falls by 25.2% and the 
cooling load by 45.4%
© Building 4: The results for the College gave the greatest decrease in heating
capacity, 30.6% using 2050h, and also heating load, 51.4% for the same time slice. 
The same correlation existed for 2020h. The peak cooling capacity increased by 
10.9% using 2020h and 29.6% for 2050h whilst the annual cooling load increased 
by 24.9% and 62.7%.
For the first 3 buildings the most notable effects of climate change will be to the peak 
cooling capacity and consequent energy exchange with the ground. The BGES under 
scrutiny in these buildings are closed loop systems. In all 3 buildings there would seem to 
be a need to make allowances for increasing cooling capacity in the future. The heating 
capacity and annual load reduces in all cases.
Since these buildings initially have dominant heating loads the net heat abstraction from 
the ground will fall. This will have the effect of improving the performance of the GLHE. 
As noted in the methodology in 6.2.1 the ideal way to model this would be to interpolate 
the data for each year and simulate accordingly. Unfortunately, this is not easily 
approached with GLHEPro without a considerable number of iterations, i.e. for each year 
and each building.
Using a weather file based on historical data, i.e. TRY2005, the respective net heat 
abstraction for Buildings 1 to 3 was 192.1, 388.1 and 253.7MWhs. Using the 2050h 
scenario the net heat abstraction reduces by 34.9MWhs (18.2%), 227.7MWhs (59.9%) and 
169.7MWhs (68.5%). Each building remains heating dominated but the ground energy 
balance is improved markedly for each building, particularly for the Academy and the 
Theatre. Again, the lower variation for the museum may be linked to the location in 
Scotland and the higher thermal mass of this building.
In each case the increase in cooling load in kWh/ annum can be accommodated by 
designing using the historical TRY weather data file, since the worst case scenario will be 
at the start o f the building operation. Also, since the peak cooling capacity still does not 
increase near to the heating capacity, the adoption of reversible heat pump units up to the 
initial heating capacity should allow higher cooling capacities to be met in these example 
buildings.
For the final building, the College, the impacts to the design of the BGS are inevitably 
different, not only because of the relative differences between the heating and cooling 
loads but also due to the use of groundwater as the heat transfer medium. Although, the 
building initially has a higher peak heat capacity, 2,044kWh versus a peak cooling capacity 
of l,875kWc, the heat transfer to and from the building is dominated by heat rejection from 
the cooling operation. Up to 2050, the peak cooling capacity increases from 1,875 to 
2,43OkW, whilst the heating capacity also changes markedly from 2,044 to l,418kW. 
Therefore, there is an undoubted need to make allowance for increased cooling capacity by 
way of increased plant but also, increased well yield to meet the new capacity. Another
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significant impact is due to the increased heat rejection to the ground. Extended periods of 
cooling in future years will mean the thermal plume around the discharge well will spread 
further possibly leading to thermal short circuiting with the abstraction well.
The effects of increased peak capacity and heat rejection have been analysed using the 
Kazmann and Whitehead methodology noted in 3.1.2.2. Using TRY2005 weather data the 
peak yield required to meet the peak heating capacity would be 86.11/s, rising to 88.21/s to 
meet the peak cooling demand in 2020 using the high scenario, and to 104.81/s to meet the 
peak cooling capacity in 2050. The distance needed between the abstraction and discharge 
wells to ensure no thermal short circuiting would need to increase from 104m to 117m by 
2020 and to 131m by 2050. This is a significant increase in both the peak well yield 
required but also the necessary well spacing.
6.4.2 Carbon Dioxide Projections
This section initially presents the development of carbon dioxide intensity projections for 
electricity. This will also enable a minimum COP to be presented for each scenario which 
will generate carbon savings versus conventional heating plant. The results from the 
application of the 6 different scenarios will then be applied to each case study.
Scenario Projections
The scenarios and respective references w7ere summarised in Table 13 on page 115. The 
resulting projections for each scenario are now shown in Figure 61. As expected all the 
dynamic scenarios suggest a lower CO2 intensity going forward than the system average in 
2007. The highest dynamic projected CO2 intensity at 2030 is 0.347 whilst the lowest is
0.264kgCO2/kWhe. The impact of replacing older coal fired plant for marginal production 
is shown by the merging of scenario 6 to 4, i.e. the medium dynamic projection used as the 
basis for the incremental factors.
6 M fvsM C Inc
0.557 
0.422
0.264
2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030
Y ears
I 3 R ...................3 LC Reduction
^ ^  ®—  4 jviC Reduction
5 HC Reduction
Figure 61 E lectr icity  carbon  dioxide em issions scen arios to  2030
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Perhaps a more interesting data set is the average factor for each scenario over a 20 year 
period, i.e. over the proposed plant life. Two periods have been considered, namely 2006- 
2025 and 2011-2030, with the results shown in Table 17. The first time slice is to align the 
analysis to a period directly following the publishing of the Part L Building Regulation 
factors in 2006. The second slice is to demonstrate the potential dynamic nature of the 
carbon intensity of UK grid electricity with a building due to be operational from 2011. 
This is deemed to be a reasonable analysis to complete considering the period of time from 
building conception to occupation, and the current requirement to comply with 2006 Part 
L.
Due to the actions taken to decarbonise grid electricity, the average carbon factors for 
scenarios 3-6 reduce from the 2006 to 2025 period to the respective average factors for the 
2011-2030 time period. The difference is between 9 and 17%; the higher value is for 
scenario 6, which assumes a higher rate of decarbonisation. This indicates the potential 
impact of assuming static factors to calculate carbon savings for BGESs, particularly when 
the respective gas heating factor can be assumed to remain unchanged throughout the 
period.
T ab le  17 A verage C 0 2 em ission s for tw o 20 y ea r  periods
Scenario 2006-2025 2011-2030 D ifferen ce
1 0.422 -
2 0.557 -
3 0.446 0.404 -9.6%
4 0.439 0.392 -10.8%
5 0.425 0.365 -14.2%
6 0.498 0.414 -16.9%
Using the projections in Figure 61 it is possible to analyse the minimum COP required to 
ensure carbon savings versus gas fired heating plant. Figure 62 shows the results for the 6 
scenarios. The trends shown in the figure obviously directly reflect those in Figure 61 and 
clearly show that as lower carbon electricity generation is commissioned the CO2 
reductions for BGESs will improve. The minimum COP reduces for scenarios 3-6 whilst 
remaining constant for scenarios 1 and 2. Using the dynamic carbon factors the projected 
minimum COP ranges from 1.2 for scenario 5, to 1.5 for scenario 3. If no decarbonisation 
occurs the minimum COP remains at 2.4.
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Figure 62 M in im um  C O P  required  for carbon  d ioxide sav in gs versus gas heating  p lan t
Carbon Emission Projections for the Design Case Studies
A summary of the results is shown in Figure 63 with a more detailed set shown in 
Appendix VII. Each Building assessment was completed over a 20 year period. The 
projections were completed using the annual energy load for each building simulated in 
IES-VE with the TRY 2005 weather file. A graph is presented for each case study to 
compare the conventional equivalent, Com., versus a peak sized BGES. The horizontal 
tags represent the emissions for the 6 scenarios with a diagonal line connecting the results 
using the Building Regulations carbon dioxide factor for electricity. The savings using the 
Building Regulations factor are noted on each graph along with the range in savings for the 
BGES versus the conventional equivalent.
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Figure 63 Carbon Reduction Projections 20 Years for each design case study a) Museum; b) Academy; 
c) Theatre; d) College.
The range in emissions for the conventional systems is generally much smaller in each case 
than for BGESs due to the constant gas carbon intensity factor. Therefore, for particularly 
heating dominated buildings such as Building 1, the Museum, the range in emissions is 
negligible for the conventional assessment.
All the scenarios for each building show carbon dioxide savings versus the conventional 
baseline system of a gas boiler and electric chiller. For the heating dominated buildings the 
emissions for the conventional system are very similar due to the static factor applied for 
gas. Using the Building Regulations factor for electricity (Scl BR) the respective savings 
for the four buildings are 39.9%, 43.8%, 45.1% and 55.3%. Note; this is only for the space 
heating and cooling element of the total building emissions. The range in savings for all the 
scenarios is as follows:
Museum: 21% (244.tC02) to 47% (547 tC 02),
Academy: 28% (1,150 tC 0 2) to 47% (1,813 tC 0 2)
Theatre: 30% (875tC02) to 52% (1,412 tC 0 2)
College: 52% (2,530.2tCO2) to 58% (2,225tC02)
In all cases the highest saving is realised using Sc5 which assumes the highest 
decarbonisation of the grid. The lowest saving in each case was using the current system 
average, Sc2. Eliminating this factor, and hence assuming that decarbonisation of the grid 
does occur in accordance with one of the other scenarios, the range is much closer:
Museum: 40% (464tC02) to 47% (547 tC 0 2),
Academy: 40% (1,150 tC 02) to 47% (1,813 tC 0 2)
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Theatre: 45% (875tC02) to 52% (1,412 tC 0 2)
College: 56% (2,530.2tCO2) to 59% (2,225tC02)
Aside from the different factors used there are a number of other reasons for the difference 
in savings between each building. If the building is significantly cooling dominated as in 
building 4, the College located in London, the impact of the relative carbon intensities of 
gas and electricity is less. This is because the conventional baseline cooling system also 
uses grid electricity. This is shown by the smaller range in cumulative emissions for this 
building. The assumed coefficient of performance in cooling mode is also higher for this 
building due to the constant abstracted groundwater temperature. Therefore the savings for 
each scenario are higher. In heating dominated buildings, i.e. the other 3 buildings, the 
range of values is greater.
The relative impact of the dynamic carbon intensity factors are additionally affected by the 
assumed time period for the calculations. Comparing the dynamic carbon projections 
versus the static building regulations factor for the academy and the theatre highlights the 
effect of using static factors regardless of the timing of the operation of the building. The 
Academy came into operation in 2008 and hence the dynamic scenarios 3-5 are more 
closely aligned with the building regulations factor. The difference versus the Building 
Regulations factor and Scenario’s 3 to 5 is -0.6%, 0.5% and 2.7% respectively. For the 
theatre, where the assumed opening date for the building is 2011, the carbon savings are 
higher than the stated Building Regulations factor by 2.1%, 3.5% and 6.6%.
6.4.3 Bivalent Energy and Economic Appraisal 
The purpose of this section is to carry out analysis to:
« firstly, consider the sizing of the BGES to cover only part of the total heating and 
cooling loads, and also to review the impact of the spatial limitations at each site; 
and
« secondly, a net present cost (NPC) assessment is completed to review the impact to 
each bivalent system using 2 different discount rates and different gas and 
electricity pricing scenarios.
Figure 64 shows the results of the bivalent sizing calculations and simulations for the 
Theatre. Results for the Museum and the Academy are shown in Appendix VIII on page 
243 as the trends and patterns are similar to the Theatre. The College results are presented 
differently in Figure 65 as the BGES under analysis is open loop. The main assumption for 
all the buildings is that the BGES would run as the primary heating and cooling plant with 
additional heat and cooling supplied as necessary by conventional plant.
Figure 64 (a) shows the rising heating and cooling energy generation possible for the 
Theatre from the BGES with rising maximum capacity. Figure 64 (b) shows the rising 
GSHP capacity versus the GLHE length required calculated using GLHEPro.
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F igure 64 B uild in g  3: T heatre a) G SH P  E n ergy  G eneration  vs. Increasing  G SH P  C apacity; b) C u m ulative  
G L H E  L ength  vs G SH P  C apacity
In Figure 64, the marginal utilisation falls as the capacity of the BGES increases. The 
marginal utilisation is the additional thermal energy that can be met by the BGES for 
increasing thermal capacity. The marginal increase reduces significantly from 
approximately 500kW. Although the additional GLHE length required also reduces there 
are still significant necessary increases to meet the additional peak thermal capacity.
Moving the focus to the spatial limitations for Buildings 1 to 3 there are clear restrictions, 
particularly for the Theatre. With a 6m borehole spacing the maximum load possible 
assuming 100m boreholes is ~175kW, and with 150m boreholes, 255kW. Both of these 
capacities are much lower than the peak heating and cooling capacity. However, due to the 
high utilisation at low capacity a high proportion of both the heating and cooling load are 
still met. For a 255kW system, approximately 61% of the annual heat load can be covered, 
whilst in cooling mode this rises to 77.5%. For the Museum there are no such limitations 
and for the academy, there would just seem to be a need to increase the average borehole 
length past 100m to meet the required cumulative length for the peak sized system.
For the College, shown in Figure 65, the presentation is slightly different as an open loop 
system is under analysis and hence the capacity is led by the yield possible from the 
abstraction well(s). In Figure 65 (a) a rising groundwater flow rate for a single and double 
abstraction well system is plotted against the possible BGES heating and cooling energy 
generation. In Figure 65 (b) a rising groundwater flow rate is plotted against the peak 
heating and cooling capacity.
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An assessment by the project hydrogeologist suggested that the maximum site yield could 
be 501/s from 2 abstraction wells. To meet the heating capacity a yield o f 861/s is required, 
for cooling 831/s is needed. With 501/s the apparent maximum heating capacity is 
~1189kW and in cooling mode, ~1097kW. In heating mode the proportion of the annual 
load covered by the lower capacity is 98.8%, and cooling load, 95.7%. Closer examination 
of the heating and cooling profiles highlighted particularly high heating and cooling loads 
for just a few hours each year. In heating mode this is typified on Monday mornings when 
there is a need to heat the building up from cold prior to occupation.
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Bivalent Economic Analysis
This section commences by detailing the results of projections for gas and electricity utility 
prices and also the consequent minimum performance required to realise a saving versus 
conventional plant. Following the identification of suitable projections a net present cost 
analysis is completed for each bivalent iteration and building.
Scenario Projections
Table 18 summarises the mean price increase calculated for gas and electricity for each 
scenario. The 5 year analysis period (scenario 3) saw mean annual increases o f 12.9% and 
17.3% for electricity and gas whilst for Scenarios 1 and 2 the average annual rates were 
much lower. Gas prices have increased by a greater rate than electricity for every time 
slice.
T able 18 U n it p rice in creases for  gas and electr ic ity  (b aseline= 2008)
Scenario D escrip tion
Sc. 1 20 Year Average
Electricity | +4.4% Gas +5.7%
Sc. 2 10 Year Average
Electricity +6.2% Gas +9.4%
Sc. 3 5 Year Average
Electricity +12.9% Gas +17.3%
The consequent projections for gas and electricity are shown in Figure 66 and Figure 67. 
The projections highlight the impact of utilising a range of different scenarios. Using the 5 
year average both gas and electricity prices increase more dramatically to a unit price of 
£0.81 and £1.07 respectively in 2030. Scenarios 1 and 2 show more modest increases. 
Using scenario 1 the gas price increases to £0.082 and the electricity to £0.192, with the 
respective increases for scenario 2 being £0.176 and £0.278.
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Using the projections in Table 18 it is possible to plot the projected minimum COP 
required to ensure operational economic savings versus gas heating with a seasonal 
efficiency of 85%. The calculated projections are shown in Figure 68. From these 
projections it is possible to see how fairly modest relative increases in gas and electricity 
can still change the operational economic case. For scenario 1 the minimum COP required 
reduces from the current minimum COP of 2.6 to 1.9 by 2030, and for the more extreme 
case, scenario 3, the minimum COP drops to 1.1. Scenario 2 is now closer to scenario 3 by 
virtue of the ratio between the percentage increases being similar. It is for this reason that 
only scenario 1 and scenario 3 will be taken forward to the NPC analysis.
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Lifecycle Costing
Example results are shown in Figure 69 and Figure 70 for Building 1, the Museum, and 
Building 4, the College, respectively with additional results for the Academy and Theatre 
shown in Appendix IX on page 244.
The left hand graph in Figure 69, (a), shows the breakdown of the installation cost for the 
closed loop system including the conventional plant required to meet the residual load. The 
right hand graph in Figure 69, (b) shows the results of the net present cost analysis. The y- 
axis shows the additional net present cost for the bivalent BGES system versus the baseline 
conventional system. Four scenarios are shown, 2 scenarios using a low discount rate 3.5% 
(Low DR) using the projected historical trends from the last 20 and 5 years. Two further 
scenarios utilise a higher discount rate of 8% (High DR) and the same utility price 
escalations. The same incremental resolution is used for each case study as used in the 
bivalent energy assessment.
The energy price scenarios used are summarised below:
Scenario 1 (£ 20yr)
Electricity Price Increase Rate reieC3 
Gas Price Inflation, rgaS3 
Energy Price Scenario 3 (£ 5yr)
Electricity Price Increase Rate reieci 
Gas Price Inflation, rgasi
4.4%/ annum 
5.7%/ annum
12.9%/ annum 
17.3%/ annum
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The trends of the two graphs for the Museum, the Academy and Theatre, i.e. Buildings 1 to 
3, are similar. There is a linear increase in cost associated with the “GSHP other” which 
includes the heat pump plant and associated valves and pumps. The “GLHE” cost increases 
according to the ground loop length calculated in the simulation work. The lowest total 
installation cost is realised in each case for the smallest iteration, highlighting the higher 
cost for the BGES system, i.e. with increasing capacity the BGES capital cost becomes 
more significant thereby increasing the total system cost. The conventional plant cost 
reduces as the BGES increases capacity towards the peak requirement in the building.
The greatest saving after 20 years for each variant compared with the baseline system is 
realised by applying a low discount rate and the more extreme price scenario. For the 
Museum, cost savings are apparent up to ~1 lOkW for High DR/ £ 5yr. Cost savings are not 
realised for the Museum for Low DR/ £ 20yr and High DR/£ 20yr. In comparison only 
marginal savings are present for the first variant and Low DR/£ 20yr scenario for the 
Academy and the Theatre.
The only deviation from the general upwards trend for increasing capacity is for the Low 
DR/ £5yr scenario where a dip is present. This is also true for both the Academy and 
Theatre. In this scenario the low discount rate and high energy escalator, particularly for 
gas, favours a bivalent approach. For the Museum the greatest savings are present for a 
~75kW system. With this scenario there is a bias towards part replacement for the higher 
utilisation portion of the capacity.
For the College, shown in Figure 70, the cost effectiveness is very much determined by the 
realised well yield. In Figure 70 a) the well construction and testing cost is assumed to be
a)
C onventional Plant 
G LH E
GSHP Other Non-Linear Cost 
Increase
L inear C ost Increase
£300.000
£250.000
£200,000
£150,000
£ 100,000
£50,000
£ -
-£50,000
- £ 100,000
-£150,000
- £ 200,000
-£250,000
b)
Low DR/ £ 20yr 
Hi ah DR/ £ 20yr
Low DR/ £ Syr 
High DR/ £ Syr
Bivalent GSHP Svstem (k\V)
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the same for a single abstraction well and a double well system regardless of yield since 
the intention on drilling and designing the well(s) will be to maximise yield. The “GWHP 
other” costs, which include heat pump plant, heat exchangers and peripheral pumps and 
valves, increase linearly according to capacity. The conventional costs reduce according to 
the increasing capacity of the GWHP system.
£1,800,000
£1,600,000
£1,400,000
^ £ 1,200.000&Ou
a)
Conventional Plant 
GW HP other 
W ell+Testing
of—
£ 1,000,000
£800,000
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I
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jilt' lil ill IBsI  I  ft18 lit
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Jo Cost Increase
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In Figure 70 b) the highest saving is realised for each scenario for the highest yielding 
single abstraction well system, “ 1 AW - 251/s”. This is because o f the higher utilisation of 
the maximum yield and lower initial installation cost versus a two abstraction well system, 
2AW, with a similar cumulative yield. For example, assuming a total yield of 101/s for both 
the single and double abstraction well system gives differing results. The graph array for 
the 2 abstraction well system is effectively shifted upwards. Again the more extreme 
energy escalator is reflected strongly in the results. The low discount rate and historical 5 
year trend giving the greatest saving.
Cost savings start to occur for a 1 AW for a well yield somewhere between 1 and 51/s by 
applying the Low DR/£ 5yr scenario, and 101/s for High DR/ £5 yr. For a 2AW system cost 
savings begin to be realised between ~10 and 201/s, and 30 and 401/s, respectively. The 
BGES is more expensive than the conventional system in all cases using the 20 year 
historical trend.
6.4.4 Least Cost Carbon Abatement
This is the last set of results for the design case study assessment bringing together the 
carbon saving and energy and economic appraisals. For the carbon calculations the 
Building Regulations factor of 0.422 kgC02// kWh has been applied valid over the time 
period under analysis. Due to the wide range in results apparent in the economic analysis, 
all the scenarios have been brought forward.
Example results are shown in Figure 71 and Figure 72 for the Academy and the College. 
The intention in this analysis is to review the marginal cost to reduce carbon emissions for 
each iteration. Each iteration has four horizontal lines representing each economic 
scenario. The position of each line relative to the y-axis scale reflects the net present cost 
versus the baseline system for each tonne of CO2 saved. For the academy the marginal 
additional cost for the lOOkW sized GSHP ranges from -£637 to £10. The width o f each 
horizontal line represents the quantity of CO2 saved for that iteration; again using the 
academy as an example, the lOOkW system reduces the building emissions by 903tCO2 
over 20 years.
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What is clear from the analysis is that even assuming one pricing scenario the range in 
£/tC02 saved can change significantly dependent on the size of the system. This obviously 
reflects the rising installation costs and decreasing utilisation factor for each iteration. For 
example, the academy range for Low DR/£ 20yr is -£41 to £393. For the same building, 
but applying the low discount rate and high energy price escalator the range is from -£693 
to -£227.
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Using the high price escalator, a negative marginal cost for carbon abatement generally 
coincides with a lower net present cost than the conventional system. This is true for all 
iterations for Low DR/ £5yr. For the high discount rate but the same energy price scenario 
the coincidental reduction in emissions is present up to 75-lOOkW for the Museum, 700- 
800kW for the Academy and 500-600kW for the Theatre.
For the College the analysis is again led by the possible site yield. Even applying the more 
extreme pricing scenario and preferential low discount rate, the marginal cost is still 
£1896/ tC 0 2 for ll/s and a single abstraction well. This value falls and becomes negative 
once a higher yield of 51/s is realised. The carbon abatement cost is at its lowest with 1 AW 
with a yield of 251/s where it equals-£454/ tC 0 2. The highest value is £2,678/tC02 for a 
two abstraction well system and cumulative yield o f 21/s.
6.5 Design Case Study Discussion
This section discusses the results from the design case study results.
6.5.1 Climate Change Analysis
The effects of climate change would seem to have significant implications for BGESs.
This is in comparison to conventional plant where retrofitting to meet changing capacities 
and loads is potentially less onerous, although the consideration of additional plant space to 
meet increasing peak cooling capacity where necessary should be analysed. For BGESs the 
change in peak capacity and annual energy load also affects the sizing validity of the 
ground side system.
The impacts can be summarised as follows:
© For closed loop systems where the building is heating dominated, a reduction in the
net heat abstraction from the ground will help to improve the performance of the 
GLHE. This is with the provision that the net heat abstraction does not change into 
a net heat rejection over the period in question. The case studies used for the closed 
loop analysis were all heating dominated. Even with the adoption of the most 
extreme weather data scenario for 2050 there was not a movement to dominant 
cooling. If  this was the case it is possible that the plant installed would be unable to 
meet the increased demand, and/ or the flow temperatures from the GLHE would 
start to increase, thereby impairing the performance of the system.
© For open loop systems, similar impacts will be experienced in terms of plant 
capacity according to the change in cooling load. The impact to the ground side 
system is now related to the sustainable yield possible from the well(s) and the total 
heat rejection or abstraction. For the college, the peak yield was initially 
determined by the peak heating capacity, although the well spacing was necessarily 
linked to the dominant cooling load over the year. As the cooling load increased 
due to climate change the require peak yield was then linked to the peak cooling
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capacity. Since the cooling load also increased the required well spacing to prevent 
thermal short circuiting must also increase.
As we have seen in chapter 5 there are inherent limits in the maximum sustainable yield 
possible from a well, and also licensing for groundwater abstraction must be determined 
prior to the building operation. Hence, for Building 4, the College, if  the sustainable yield 
cannot be increased further, future increases in cooling capacity would not be possible 
without additional changes to the plant operation, or the addition of other cooling means. 
Additionally, due to other existing or newer abstractors in the area the licensing and 
discharging authority may be unwilling to modify the initial agreement.
The increase in cooling capacity and decrease in heating capacity would seem to be a 
function of location and building type. Different locations in the UK are anticipated to 
experience variable changes in mean air temperature over the next few decades. Building 
type has already been shown to impact on the resultant heating and cooling loads through 
the work of Holmes and Hacker (2007). The four design case studies used in this study 
cannot confirm either of these points to a great degree as the building type and use is 
different in each location. However, the results for the higher thermal mass building, the 
museum in Scotland, seemed to concur with the findings of Hacker et al. (2005), i.e. this 
particular type of construction can accelerate cooling requirements in future years. This 
building also showed the least impact in terms of reduction in heating. Future studies could 
situate the same building in different locations to investigate this further but the intention 
of this analysis was simply to highlight the risk of using historical weather files for 
designing BGESs. This has been confirmed and there would now seem to be a strong 
driver to modify simulation packages to allow for changing heating and cooling loads 
because of anticipated climate change.
6.5.2 Carbon Factor Projections
The development of the carbon factor projections highlighted the impact of not only using 
different scenarios and assumptions for the coefficient but also the impact o f the 
assessment period. There are a range of different published factors that are either static or 
dynamic in nature. The Building Regulations factor would seem to be valid versus the 
dynamic projections to a certain extent if  the assessment period directly followed the issue 
of the 2006 Part L publication. If however, the building does not become operational for a 
number of years following this, the justification for using a dynamic carbon factor is 
evident. The application of a dynamic factor is also useful to project improved savings year 
on year as the grid is potentially decarbonised. The minimum coefficient of performance 
(COP) reduces markedly in line with the reduction in carbon intensity. The COP for all 
scenarios would seem to be achievable by referencing manufacturers’ literature such as 
those by Viessmann (2002) and Water Furnace (2006).
The carbon factor projection analysis highlights the impact of using different values on 
predicted carbon savings for each cases study. The heating element of the calculation is 
affected most significantly as the gas factor remains constant. Consequently, for those
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buildings which are heating dominated, the range in values is greater. For the museum in 
Scotland the difference between the calculations using the current system average (Sc2 
SA) and the high carbon saving projection (Sc5) is 25.8% versus the cooling dominated 
college in London where the difference is just 6.7%.
The time period over which the calculations were made also affects the results. This is 
shown in particular by the difference between the Academy (2008-2027) and the museum 
(2011-2030). The latter building takes advantage of greater assumed decarbonisation o f the 
grid, therefore, the results deviate further from the static Building Regulations’ factor (Scl 
BR). In particular the savings possible using scenario 6, the factor assuming higher carbon 
intensity during the time of the day when the system is likely to operational, overtake those 
indicated using Scl BR. This is due to the assumed replacement of carbon intensive coal 
fired marginal plant with CCGT28.
There would seem to be an argument that the use of a static Building Regulations factor 
remains valid versus the dynamic projections as the deviation in the results is not 
significantly high. However, these results are only for a time slice of 20 years; justified as 
the assumed life span for the conventional gas heating and electric chilling, and also, heat 
pump plant. Hence, there is an inherent issue with using such a static factor for calculations 
for energy use throughout a building when different technologies and approaches have 
potentially different operating lives.
Additionally, the installation of the BGES, and integration into the building services 
strategy, may lock-in the technology. For example it may not be possible to retro-fit 
conventional cooling systems due to an inability to install roof top or external heat 
rejection. Equally, the heating system may be optimised for typical characteristics of heat 
pump systems, e.g. due to required flow temperatures and sizing of heat emitters.
As it is unlikely that the ground side system will also need replacing at 20 years, there may 
not be a driver to replace the BGES with an alternative technology. Hence this gives an 
additional justification to extend the period of examination. Inevitably, this would generate 
more uncertainty about the likely path of grid decarbonisation but would also allow the 
expansion and validity of the building assessment to passive measures which could have a 
much longer design life. This is certainly the case with such strategies as high thermal 
mass and solar shading which are integral to the building form and generally have no 
moving parts requiring replacement or extensive maintenance.
All the calculations concentrated on the cumulative C 0 2 emissions over a 20 year period. 
What this neglects is the potential for snapshot analysis that can be completed to monitor 
the buildings emissions year on year. This could be useful for company reporting to predict 
future reductions in emissions according to internal or external targets. For example, it is 
clear that if  the grid follows a path of decarbonisation that continual improvement will
28 CCGT -  Com bined C ycle Gas Turbine: a more efficient and less carbon intensive pow er station.
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occur in the total emissions of a portfolio of buildings with electricity driven heating and 
cooling systems.
6.5.3 Bivalent Energy Assessment
The bivalent energy assessment highlighted the expected low utilisation of BGESs at 
higher loads. However, additional GLHE length is still necessary for the Museum, 
Academy and Theatre to meet the peak capacity. This is to ensure the entry water 
temperature into the heat pumps does not fall below required levels. In heating mode, heat 
is abstracted from the ground so, even for relatively short bursts of heating at high 
capacity, the temperature can drop quickly.
It would seem that there is the potential to consider running the heat pump at a lower 
temperature for a few hours a year to meet the higher capacity. This might be a useful 
additional feature of a simulation program. By specifying a number of run hours when the 
GLHE temperature can run outside the desired entry water temperature the required 
cumulative borehole length will undoubtedly fall. The coefficient of performance will also 
fall, but only for a few hours. An additional minimum entry water temperature could be 
inserted into the simulation program to protect the refrigeration circuit in extreme cases.
The requirement to increase the GLHE length to meet a higher peak capacity, and not 
necessarily to meet an increased energy load, could equally be offset with conventional 
plant or improved system controls. For example, since the peak heating requirements 
generally fall at the start o f the day when there is a need to bring the building up to an 
acceptable temperature, there is a possibility to increase the heat up period. This could 
reduce the surge in demand and reduce the peak requirement. There is not such a driver to 
do this with the adoption o f conventional plant due to the lower cost per additional kW 
installed.
In two of the case studies there were significant spatial limitations. For the Theatre the 
maximum thermal capacity for the BGES was calculated to be 255kW for 49 x 150m 
boreholes compared to a respective peak cooling and heating capacity requirement of 
387kW and 1061kW. For the College the maximum capacity was determined by the 
assumed maximum yield, which was 501/s from 2 wells. This was assuming a yield of 
~251/s was achieved from each well. The range in yield for chalk in the Thames Basin is 
wide as indicated in Figure 52 on page 101. Using Logans’s approximation, the inter­
quartile range for lOmetres of drawdown (25%-75%) is 2.51/s to 57.31/s. Therefore, 
although a higher yield may be possible it is also possible that a much lower yield may be 
realised following the necessary testing. This was the reasoning for the incremental yield 
versus thermal energy generation assessment. Even if a much higher yield was achieved it 
is then quite conceivable that the abstraction rate is restricted to prevent thermal short 
circuiting. This is true considering the maximum possible inter well distance on site of 
111m.
A side benefit of a bivalent option is that such an installation could add resilience to the 
heating and cooling provision on site. Without 100% backup for the BGES and
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conventional plant, each individual system will not be able to meet the peak capacity. 
However, as the peak capacity is perhaps only demanded for a few hours a year either 
system, if sized accordingly, could still cover the majority o f the load.
Additionally, in the UK context, the respective heating and cooling loads for all the 
buildings were influenced significantly during the climate change analysis with the 
adoption of the morphed weather files. Three of the buildings were significantly heating 
dominated. The climate change scenarios showed increasing peak cooling demand and 
annual loads versus decreasing heating. Due to the starting imbalance in these three 
buildings the performance of the GLHE would improve as the net heat abstraction reduces. 
In such circumstances the bivalent approach is justified further as more capitally intensive 
GSHP peak heating capacity becomes redundant if  sized to meet the current climate 
conditions.
This would not be the case for cooling dominated buildings where the net heat rejection 
would increase leading to unacceptable increases in GLHE flow temperatures. For heating 
dominated open loop systems, decreasing heating loads could help to alleviate the potential 
for thermal short circuiting during the winter. In the case of cooling dominated buildings 
such as Building 4, the College, there is a potential risk that thermal short circuiting could 
occur if the potential effects of climate change are not factored in.
6.5.4 Bivalent Economic Assessment
Recent changes in utility prices indicate a necessity to account for possible increases in 
both electricity and gas unit costs. Recent trends can be used as a basis for future increases 
by way of using short term, 5years, and longer term, 20 years, trends. The analysis 
suggested the minimum COP required for the 10 year trend was very similar to the 20 year 
average. Gas prices have accelerated more substantially than electricity and the ratio 
between these two utilities is key to the economic assessment of BGESs versus 
conventional heating plant. Improvements in efficiency of the cooling system by way of 
using the ground or groundwater as a heat sink, along with anticipated increases in 
electricity prices, will only amplify savings in the cooling mode. The minimum COP 
required to realise operational savings will improve if the historical trend continues and 
therefore should be factored into economic assessments. The current ratio between 
electricity and gas means that a minimum COP of 2.6 is required. Even using the more 
conservative trend of the last 20 years results in a lower value of 1.9 in 2030; the more 
extreme escalator results in a minimum COP of 1.1. The owner and/or occupier o f the 
building will realise improved operational savings year on year if  recent trends continue.
The results for the bivalent economic assessment highlighted the impact of assuming 
certain energy price escalators. Using more recent historical energy pricing trends the 
BGES performed well against the conventional system. For more conservative costing 
scenarios the conventional system had a lower net present cost in nearly all cases. The 
discount rate did not tend to make such as an impact when the energy pricing increases 
were more modest, i.e. using the 20 year historical trend. For the college case study the
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NPC is ultimately led by the realised yield and the peak capacity possible. Additional wells 
reduce the cost effectiveness due to the lower utilisation rate.
The assessment completed here is only for a 20 year period. As already noted in the carbon 
projection discussion the ground side installation is likely to have a lifespan much longer 
than 20 years. Increasing the time period will change the long term comparison as it is 
probable that only the heat pump plant will need replacing. The current cost per kW for 
reversible heat pump units is comparable with the combined cost of a similar rated gas 
boilers and conventional chilling plant. However, due to discounting, future benefits will 
not have such an impact.
It would appear that there is a strong economic driver in the first 3 case studies to minimise 
the size o f the BGES according to the pricing scenario applied, i.e. to size the system to 
just meet legislative requirements. In the final case study the capacity should be chosen 
according to the yield realised. There would not seem to be a driver to install a 2 
abstraction well system unless there is a desire to reduce carbon emissions further, e.g. due 
to client aspirations. The results would also possibly change if  the indirect cost o f carbon 
emissions was internalised.
What has not perhaps been underlined so far in the assessment so far is that all the systems, 
ignoring the initial installation cost, are predicted to provide operational savings versus the 
conventional system. Sometimes the building occupier will not be funding the initial 
capital expenditure. An example of this could be a local authority building where funding 
is streamed from central government. The local authority will have a primary desire to 
minimise ongoing operational costs and may, therefore, be essentially detached from the 
initial investment expenditure.
6.5.5 Bivalent Carbon Abatement Analysis
The final set of results produced for the four buildings is the carbon abatement cost curves. 
These graphs allow for comparison not just with other technologies but also the sizing of 
the technology itself. The bivalent analysis shows significant differences regardless of the 
price scenarios used. The approach can therefore help to justify the technology versus other 
options in the building in question. The marginal cost per tonne of CO2 saved can be used 
to analyse the cost versus other similar cost abatement curves for all other options. This 
could include, for example, improved insulation, biomass heating or combined heat and 
power (CHP). All these options have reduced marginal carbon abatement potential with 
increasing scale of application. This is because the utilisation reduces as the size of the 
plant increases towards the peak heating and cooling load and hence carbon savings are not 
scalable with size. With other carbon savings technologies, such as photovoltaics and on­
site wind, there remains the option to export all electricity so providing the import and 
export tariffs are similar, and the resource is not diminished with increased capacity, the 
marginal carbon abatement will stay the same.
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7 Operational Case Studies
7.1 Chapter Introduction
The purpose of this section of the research was to monitor a number o f existing building 
ground energy systems in the UK. In particular, there was a desire to measure key 
parameters on the ground and building side circuits over a 12 month period to calculate the 
efficiency and compare against manufacturers’ data, and also a conventional baseline 
system. By measuring the system efficiency it would be possible to calculate the 
operational costs and carbon dioxide reduction, as well as to find any deficiencies or issues 
in the design and/ or commissioning.
The key parameters monitored were:
1. Average and instantaneous ground system flow and return temperatures throughout 
the year, and also during operation.
2. Flow and return temperatures to both the heating and cooling distribution circuits
3. Heat and cooling energy generated by each BGES
4. Power consumption of the heat pump and other significant power for auxiliary 
pumps on the ground side o f the BGES
Four operational case studies were chosen. The initial intention was to gather data from 
buildings representing a much wider spectrum of non-residential buildings throughout the 
UK, e.g. of differing sizes, occupancy profile and use. It became clear early on in the 
research programme that the cost of the required monitoring equipment would be 
prohibitive to achieving such a goal. Also, gaining access to suitable buildings proved to be 
difficult with many installers and owners also unwilling to provide access and contribute 
where necessary to the cost o f the monitoring. A compromise was achieved by focussing 
on a number of smaller non-domestic buildings and BGESs which could be more easily 
monitored at low cost, whilst assuming that the results were still scalable and the 
discussions valid for other buildings. In addition to three smaller buildings identified in the 
UK, a fourth building was analysed in The Netherlands. The buildings are summarised as 
follows:
Three of the buildings had closed loop GLHEs installed, one with a horizontal system and 
the remaining two, with vertical boreholes. The buildings analysed included an office, a 
school and, a combined transport hub and educational facility. The fourth building, an 
office and warehouse in The Netherlands, was much larger than the other three buildings 
but offered an excellent opportunity for monitoring for a number of reasons. Firstly, the 
location and climate could be assumed to be very similar to parts o f the UK. Secondly, 
extensive monitoring equipment was already installed and data collected by the building 
occupiers. This could easily be supplemented with visits by the author to confirm and 
obtain further readings. Finally, the BGES installed was an aquifer thermal energy storage 
(ATES) system, thereby being significantly different to the other 3 buildings.____________
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The fourth building also provided data to compile in a paper to submit to Geotechnique, 
whilst collaborating with a Dutch consultancy (Dickinson et al., 2009a). The paper 
provided a unique overview of the history and theory o f ATES systems, validation with a 
thermal model and presentation of data collected from the monitoring site. The paper is to 
be presented at a special Symposium of Thermal Characteristics of the Ground organised
9Qby ICE and Geotechnique.
This chapter is split into three main sections; the case study methodology, the results and 
finally, a chapter specific discussion. Prior to the results section, case study overview 
sheets detail the buildings under analysis including the building layout, BGES specification 
and schematic, the measuring data points and geology and hydrogeology.
7.2 O perational Case Study Methodology
This section details the methodology used for the 12 month monitoring programme 
completed for the four operational case studies. The methodology is split into three sub­
sections detailing the process used for monitoring, the data rationalisation and the method 
for comparison against manufacturer’s data and a baseline conventional system. An 
overview to how the monitoring was completed is provided in Figure 73.
Overview o f M ethodology for O perational Case Studies
M on itorin g
12 Months monitoring period using unobtrusive 
measuring equipment. 1 minute sampling rate for ground 
and building side temperatures and power. Flaw rate 
measurements (2x) to establish flow rate regime
2. Data Rationalisation
3. Com parison versus Expected ami 
Conventional
Filtering for rogue results, and identification o f missing 
data
Mode Identification; e.g. Space Heating or DHW  
Trend Identification: Micro Analysis o f Example daily 
profiles (e.g. COP. minJ max. temperatures)
.Data Compression; Macro analysis o f  monitoring period 
(e.g. SPF)
Comparison o f actual performance, against manufacturer’s 
performance data, and versus conventional heating and 
cooling system.
Figure 73 Operational Case Study Methodology Overview
Prior to detailing the methodology further it is useful to provide a brief introduction to the 
different systems under analysis:
29 ICE -  Institution o f  C ivil Engineers
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© Building 1- Small Office: Horizontal closed Loop system, installed in an Office in 
South East England. Single heat pump installed to generate space heating and 
DHW (heating capacity 13.4kW).
© Building 2 - Transport Hub: Vertical closed loop system, installed in a transport 
hub/ educational facility in North West England. Single heat pump installed to 
generate space heating and DHW (heating capacity 10.8kW).
© Building 3 - School: Vertical closed loop system, installed in a school in South
West England. Two heat pumps installed to generate space heating only (combined 
heating capacity of 22kW).
© Building 4 - Large office: Open Loop (Aquifer Thermal Energy Storage) system,
installed in an office/ warehouse in South West Holland (capacity of 245kWh and 
196kWc)
Further information is provided on the building type, layout, BGES system specification, 
monitoring layout and geology and hydrogeology in the overview for each building in 
section 7.3 starting on page 167.
7.2.1 Monitoring Methodology
As already stated in the introduction of the chapter the intention was to measure the BGES 
including building and ground system temperatures along with power consumption for the 
heat pump(s) and circulation or well pumps used on the ground side. Although there was 
an initial desire to measure the complete building performance this was not feasible within 
the time frame of the study; the performance of the BGES hence remained the focus of 
attention. Although references are made to the heating and cooling distribution circuits that 
the BGES is connected to, the efficiency, control and performance were not monitored or 
analysed in detail.
A basic schematic of the monitoring and data points for building 1 to 3 is shown in Figure 
74. In two o f the systems analysed the BGES also generated DHW for the building; for the 
third building, the school, this was not the case. The focus for the immediate part of the 
methodology focuses on these three case studies. The monitoring for fourth case study 
follows this description.
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B uffer Tank/ 
H eating 
System
■oso
D H W  Tank
I em perature 
C onversion Unit
I------------ 1
I
LLI ^
I ST
E L I
E S I
Data Logger 
---------- r
C on d en  so  i'
0 - 0
F e a t P u m p
f UPS Unit
I )
\
Logger Backup 
C om puter
V )
C o m p re sso r
G LH E J
C3
C2
C l
Current 
C onversion Unit
-3-phase 415V
EST -E ntiy  Source Tem perature at 
Evaporator
E S T  - Leaving Source Tem perature at 
E vaporator
E LT - Entry Load T em perature at 
C ondenser
LLT - Leaving Load Tem perature at 
C ondenser
C l  - Phase 1 o f  C om pressor 
C 2 - Phase 2 o f  C om pressor 
C 3  - Phase 3 o f  C om pressor
F igure 74 B ase M on itorin g  schem atic for O perational C ase S tud ies 1 to 3
Thermocouples were fixed to pipe work to measure the entry source temperature (EST) 
and leaving source temperature (LST) on the evaporator side, and to measure the entry and 
leaving load temperatures (ELT and LLT) on the condenser side. The evaporator acts as 
the heat pump heat exchanger for the GLHE and the condenser, the heat exchanger for the 
building heating circuit.
The thermocouples were fixed to the respective pipes using insulation tape. The existing 
pipework insulation was then replaced. Thermocouples were paired and calibrated. This 
was deemed necessary since the important resulting measurement was the difference in 
temperature, e.g. between flow and return pipe work on the GLHE. Also, the accuracy of 
the thermocouples (+/- 0.5K) was a concern considering the difference in temperature 
could be as low as 4K, particularly on the GLHE side. The calibration was completed by 
placing both thermocouples on the same reference pipe work; the respective temperatures 
were then taken and any differences observed. Any discrepancies were then transferred to 
the spreadsheet analysis.
All the heat pump compressors analysed were 3-phase, requiring a current transducer for 
each phase. The exception to this was the third building where, owing to the fact two heat 
pumps were installed at the site, only one transducer was installed on each heat pump 
compressor. Spot measurements were taken at regular intervals to confirm that the relative 
value for each phase on each heat pump did not change throughout the 12 months. Since 
all three phases were active and inactive consecutively, i.e. when the compressor was on or 
off, by using the observed ratio for each phase the total power could still be calculated.
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The signals from each thermocouple and transducer were converted via respective 
conversion units and sent to a data logger. Measurements were taken at 1 minute intervals 
as this was the smallest step possible with the monitoring equipment used. At this 
measurement resolution the data logger could store a rolling 21 days worth of data. To 
minimise visits to site a separate desktop computer was used which acted as a data dump 
for the data logger. An uninterruptable power supply (UPS) was also used at two sites to 
prevent power cuts from shutting down the desktop computer. This provided battery power 
for up to 30 minutes. Unfortunately, as will be seen in the results section, this did not 
always prevent the loss of power to the monitoring equipment. In particular at one site 
where power cuts occurred at frequent intervals, the usable monitoring data was severely 
reduced.
Further to the permanent logging equipment and sensors, flow measurements were taken 
using an ultrasonic flow meter on two separate occasions at each site. The circulation 
pumps on the condenser and evaporator side of the heat pumps were fixed speed so to 
minimise cost, the flow meters were hired for two short periods throughout the 12 month 
monitoring period. Building 3 had two flow rate settings to the buffer tank according to the 
flow temp required to the buffer tank. The two flow rate measuring visits benefited the 
monitoring for two reasons. Firstly, the visits allowed the constant flow rates to be 
confirmed, and secondly, the use of two different flow meter units increased confidence .
The possibility of installing obtrusive flow meters was investigated but the costs were 
prohibitive not only for the meters but also to contract a third party for respective 
installation. The flow meter measurement points are labelled with an “F” in Figure 74. A 
number of the overview case study sheets provide pictorial evidence of the flow 
transducers installed in-situ.
The power readings for all the sites were verified using SPMAX, an electricity profiler. 
This again uses current transducers but has a much greater reported accuracy level (+/-
0.25%) versus the transducers used for the permanent readings taken (+/- 3%). The 
SPMAX equipment also determines the power factor in the circuit by sampling the 
frequencies of the voltage and current, and establishing the lag. These characterisations 
could then be used in the spreadsheet analysis to factor the permanent readings taken. The 
SP Max unit was also used to measure the power input into the GLHE circulation pump 
during operation.
The specification for the monitoring equipment is given in Table 19.
30 Calibration certificates where provided with the ultrasonic units but there w as still an increased level o f  
confidence gained from know ing that readings w ere the same.
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T ab le  19 O p eration a l B u ild ings 1 to  3: M on itor in g  E qu ip m en t S p ecifica tion
D ata  P o in t E q u ip m en t M an u factu rer S am p lin g  R a te / 
A ccu racy
Heat pump, 3 -phase. Current
Transducers
(permanent)
P ico T echnology/ 
TA011
1 M inute, 
+/- 3%
Flow -retum  pipe-work on  
building side o f  heat pump and 
GLHE
Therm ocouples
(permanent)
P ico T echnology/ 
Type T
1 M inute, 
+/- 0.5degC
Data Logger Pico T echnology/ EL005
Therm ocouple Convertor P ico T echnology/ EL041
Current Convertor P ico T echnology/ EL040
F low  rate, building side o f  heat 
pump and GLHE
F low  M eter -
U ltrasonic
(temporary)
Panem etrics/ PT878 2 x  measurement study, 
+ /- 2-5%  o f  F low  Rate*
Heat pump, 3 -phase Current
Transducers
(temporary)
ElCom ponent
SPM ax
2 x  measurement study, 
+ /- 0.25%
* Repeatability 0.1-0.3%
Building 4 differed from the first 3 buildings for a number of reasons. Aside from the 
installation being an open loop system, space heating and cooling were generated for the 
building. As already discussed in the chapter introduction this building already had 
extensive monitoring sensors installed. The data was logged to a computer database within 
the main plant room. Figure 75 and Figure 76 provide simplified schematics for the space 
heating and cooling circuits in the buildings and identify the data collection points used in 
the study.
A primary plate heat exchanger isolates the groundwater from the secondary side heating 
and cooling circuits. During the heating operation water is abstracted from the warm well 
and discharged to the cold well. Heat is abstracted from the groundwater via the heat 
exchanger. The flow direction is reversed in cooling mode; heat is rejected to the 
groundwater from the cold well and then discharged to the warm well. A frequency 
controlled submersible pump rated at 7.4kW is installed in each well with a maximum 
pump flow rate at 21m /hr. The heat pump is used to generate elevated hot water at 
approximately 45°C, whereas in cooling mode the prevailing flow temperature on the 
secondary side of the heat exchanger is used directly for cooling in the building.
Page 158
James Dickinson Final Dissertation
The data points noted in the two figures are summarised as follows:
Heating Mode
Vh =  Volumetric flow rate through the evaporator Thi = Heating mode load flow temperature (°C)
(m3/hr)
P h w p =  Warm well pump power (kW) Th2= Heating mode load return temperature (°C)
Php = Heat pump power (kW)
Cooling Mode
Vc = Cooling circuit volumetric flow rate (m /hr) Tci = Flow temperature to cooling distribution circuit
Pcwp = Cold well pump power (kW) Tc2 = Return temperature from cooling distribution 
circuit
Generic
/->_____ J „______ 1_____ .  • n  ____  .  _^_3 /i_Vgvv= Ground water volumetric flow rate (m /hr) Tgwl = Groundwater temperature on warm well side
of heat exchanger
Tgw2 = Groundwater temperature on cold well side of 
heat exchanger
Space
Heating
Circuit
HP Cooling
Circuit
!1
Heat
Exchanger
Discharge: 
Heating Mode
Abstraction: 
Heating Mode
Cold Well W arm  Well
F igure 75 O perational B uild ing 4: H eating M ode M on itorin g
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Space
Heating
Circuit
Cooling
CircuitHP
:..
gw1 I gw 2 j
Heat
Exchanger
Ground
Level
Abstraction: 
Cooling Mode
Discharge: 
Cooling Mode
Cold Weil Warm Well
F igure 76 O perational B uild ing 4: C ooling  M ode M onitoring
The author made two visits to the site to collect data and take additional measurements to 
verify temperature and power readings for the well pumps and the heat pump unit. This 
was completed using the thermocouple equipment used for the first three buildings and the 
electricity profiler. Good correlation was shown with the installed monitoring equipment. 
An unfortunate aspect of the existing monitoring regime was the sampling rate of 8 
minutes. Requests were made to reduce this but the owner was unwilling due to the current 
protocol arrangement with additional software installed for the building management 
system.
The installed monitoring equipment is summarised in Table 20. No literature was available 
for the installed sensors, and due to the age of the building no further information could be 
obtained. However, as good agreement was obtained with the temporary measurements 
there seemed to be no strong driver to research this further.
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T ab le  20  O p eration a l B u ild in g  4: M on itor in g  E q u ip m en t S p ecification
D ata  P o in t E q u ip m en t
M an u factu rer /
M od el
Sam p lin g  R ate, 
A ccu racy
Groundwater, cooling circuit 
and heating circuit flow  rate
F low  M eters (in­
line, permanent) Siem ans, N A 8mins, N A
Groundwater, cooling and 
heating circuit temperatures
Temperature 
Probes (in-line, 
permanent) Siem ans, N A 8mins, N A
Heat Pump 3 phase
Current
Transducers
(permanent) Siem ans, N A 8m ins, Cumulative, N A
7.2.2 Data Rationalisation Methodology
For each case study the data was logged in “.csv” format and imported into MSExcel for 
analysis.
There were five distinct phases to the data analysis:
1. Filtering - to locate rogue data that indicated, for example, random power spikes or 
when thermocouples had worked loose.
2. Missing data review - due to power cuts or monitoring equipment being 
inadvertently turned off by the owner/ occupier of the building, there was a 
necessity to trawl through the set to pick out missing chunks o f data.
3. Mode identification - to identify and differentiate between, for example, space 
heating and DHW modes.
4. Interpretive Analysis -
a. To review the ground resource temperatures throughout the year.
b. To compare the actual flow  rates versus those stated in the manufacturers’ 
guidelines.
c. Trend identification: this required extensive analysis to choose example 
daily profiles to be presented in the results section.
d. Data compression: this phase brought together all the data for cumulative 
review, e.g. to calculate the Seasonal Performance Factor (SPF).
In the case o f rogue and missing data there was a need to fill in gaps to complete a 
representative set of results for the complete 12 month period. This was completed by 
either using adjacent data or in the case where longer periods of data are missing, by 
normalisation using degree day data for the site and year. The results section reviews any 
notable absences of data for each site, sighting the reasons and methodology used to 
complete the data set.
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Mode identification was completed by analysing the power input into the compressor and 
flow temperatures from the condenser. From this it was possible to filter the two modes 
and calculate respective cumulative results. Following the mode identification it was then 
possible to start the interpretive analysis.
The ground resource temperature for the four design case studies was expected to vary 
throughout the year; this forms the basis for the efficiency of the system. Monthly averages 
were calculated, omitting periods when the system was inactive, i.e. when the recorded 
temperatures tended to the ambient temperature in the plant room.
The flow rates measured for each system are important, to maintain the optimum heat 
transfer through both the evaporator and condenser. The manufacturers for the heat pumps 
installed in building 1 to 3 all specified minimum flow rates but did not indicate an 
optimum. Therefore, there was an intention to consider how the flow rates experienced 
might be impacting on the system performance.
For building 1 to 3 the trend identification culminated in a number of example daily 
profiles to be used as a basis for descriptive analysis. For each 24 hour period chosen, 3 
graphs are shown in the main text. The first graph tracks the following:
EST -  Entry source temperature H eating System
LST -  Leaving source temperature 
ELT -  Entry load temperature
ELT
f
LLT
LLT -  Leaving load temperature 
Cl -  Phase 1 power to compressor
HP(s)
I 
1 
1 
1 
1 
1 
1 
1 
1
C2 -  Phase 2 power to compressor EST LST
C3 -  Phase 3 power to compressor
The second graph shows the COP for each data point plotted against the ESTs using the 
manufacturers’ respective performance curves for differing LLTs. For each example day 
the number of data points varies depending on how many minutes of operation are 
captured by the monitoring equipment. This resulted in a plume of data points, for example 
in the case of building 1 and 2, for the respective space heating and DHW modes. The final 
graph shows heat pump thermal output and power consumption versus the EST and the 
manufacturers’ performance curves. Again, a plume of data points is shown for each mode.
There was a focus on highlighting the performance at the start of the heating season and 
towards the end, where the ground resource was possibly depleted following an extended 
period of heat abstraction. For one site it was also possible to show the daily profile at the 
start of the following heating season, thereby enabling the validity of the design to be 
reviewed. Further example data profiles are presented in the Appendix where deemed 
useful to show the performance throughout the rest of the year, and also how the COP 
varies throughout the example daily profiles chosen.
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For the open loop system, once the groundwater temperature regime had been confirmed, 
there was a focus on the operation during a peak heating and a peak cooling day.
Using the daily profiles it was then possible to indentify key trends and investigate reasons 
why the performance maybe compromised and how future design principles and standards 
may be improved. The respective equations used for buildings 1 to 3 and building 4 are 
now presented in isolation.
Operational Case Studies 1-3 - Equations
The key equations and constants used in the data analysis for the first 3 buildings, i.e. the 
Small Office, the Transport Hub and School, are detailed in equations [ 34 ] to [ 39 ]:
r 'r s n  Qh,dhwCOPhjdhw =  ■ [ 34 ]
Dip + r cp 
^  Qh,dhw
U S f r g  is*]
: C oefficient o f  performance, h=space heating m ode and dhw =  dom estic hot water m ode 
Seasonal perform ance factor
SlTh,dhw
COP^ dhw = 
SPFh,dhw=
Qh,dhw = heat rate (^W h ) = rh-Cp -(LLT -  ELT) [ 36 ]
m .cn.(LLT -  ELT) x t
Qh,dhw = heat energy(kW hh) = ----- £----- — ------------- [ 37 ]
3600
m  = V.p =  mass flow  rate (k g /s )  
m  = V.p. =  m ass flow  (kg)
*3
V  = volum etric f lo w r a te (m /s )
V  = volum etric flow  (m 3)
p = density o f  fluid (k g /m 3), dependent on temperature 
cp=  specific heat capacity (kg/kJ.K)
LLT =  Load Leaving Temperature (°C)
ELT = Entry Leaving Temperature (°C) 
t =  operational time (s)
Php cp =  Pow er (kW e),hp  =  heat pump, andcp =  GLHE circulation pump
Fhp,cp = v phase'(Ll + ^ 2  + C 3 ).PF [ 38 ]
Vphase= phase voltage
Ci,2.3=  Current o f  phases 1,2 and 3
PF = Power factor
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r\ 1 n v i n ,  \  v phase-(fl +  ^ 2  + f ^ P F x t r
Qhp,cp = electricity (kW he) =  — -----------------  [ 39
Operational Case Study 4 -  Equations
For building 4, the large office, the data rationalisation process was very similar. This time, 
however, the mode identification looked to differentiate between space heating and cooling 
modes. DHW was not generated by the ATES system. The same base equations were also 
used with some small modification. In particular, an additional term, intermediate pump 
power [ P i p ,  (kW), and Q i p  (kWhe)] was added to the calculation in heating mode and the 
circulation pump power ( P c p )  was replaced with the warm well pump power ( P h w p ) -  In 
cooling mode, the heat pump power term was omitted and the circulation pump term 
replaced with the cold well pump power ( P CWp ) -  The modified equations are [  40 ]  to [  47 ] .
Heating Mode
C 0 P i,= php+p|p +phlvp [ 40 ]
SPFh " X (Qhp + Qip+Qhwp) [41]
Q h  = heat rate (kWh) = m h.cp.(Thl -  Th2) [ 42  ]
m h-cn-(Thi - Th 2 )x t
Q h  = heat energy(kW lih) = -------  — — ------------ [ 43 ]
riih =  V.p = mass flow  rate through condensor (kg /  s) 
m h =  V.p. =  mass flow  through condensor (kg)
■j
Vh = volum etricflowrate through condensor (m  / s )
Vh = volum etric flow  through condensor (m 3)
Thi =  heating circuit flow  temperature (°C)
Thi =  heating circuit return temperature (°C)
Cooling Mode
COPc = ^  [44 ]
*CYVp
SPFC = - ^  [45 ]
^  V c Y V p
Q c  =  heatrejectionrate(kW c) = m c.cp.(Tc2 -  Tcl) [ 4 6  j
m c.cD.(Tc2 - T c2) x t
Q c = heat rej ection energy (kW hc) = --p ----------------- [ 47  ]
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m c = V.p = mass flow  rate through heat exchanger (kg /  s) 
m c =  V.p. =  mass flow  through heat exchanger (kg)
Vc = volum etric flowrate (m  /  s)
Vc = volum etric flow  (m  )
Tci =  cooling circuit flow  temperature (°C)
Tc2 =  cooling circuit return temperature (°C)
7.2.3 Comparative Analysis
The cumulative results were used for the comparative analysis against the performance 
according to the manufacturers’ literature, and also, a conventional system.
The comparison versus manufacturers’ literature was not possible for Building 4 due to the 
unavailability of the respective performance graphs for the heat pumps. For Buildings 1 to 
3 the seasonal performance factor was calculated in parallel to the interpretive analysis 
using the measured load leaving temperature (LLT) and entry source temperature (EST) of 
the system. This was a compromise as in some cases it was not clear what the actual target 
LLT was and also, whether the heating system was optimised. The conventional system 
was assumed to be a gas condensing boiler operating at a seasonal efficiency of 85%, and 
electric chilling plant with a seasonal performance factor of 3.
The unit gas and electricity prices used for the economic analysis were £0.025/kWh and 
£0.075/kWh, respectively. Three electricity carbon dioxide factors were used for the 
emissions analysis. Firstly, the Building Regulations factor of 0.422kgCO2/kWhe was used. 
Secondly, the system average of 0.557kgCO2/kWhe for 2007 was applied and thirdly, the 
respective assumed incremental average of 0.835kgCO2/kWhe for the same year.
7.2.4 Results Organisation
Each building is first presented by way of a two page overview sheet. Following this each 
case study is reviewed with the basic structure as indicated in Figure 77. Rather than 
combining the results for the Buildings, which was the process for the design case studies, 
it was deemed more appropriate to analyse each building in isolation. This was primarily 
due to the unique findings in each project.
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Owner Comments
Example Daily Profiles
Comparison with Conventional 
System
System Performance Overview
To provide context where necessary on historical 
problems and maintenance schedule.
Including monitoring period, energy kWh and kWhe, SPF 
and specific heating requirement for the building.
Details on flow  rates on building and ground sides o f  
system
R eview  o f  temperature regime throughout the year from  
the ground energy system.
Including EST/LST/ELT/LLT and 3 phases o f  current: 
comparison versus manufacturers data, COP vs EST, and 
kWth and kWe vs EST.
Including energy costs and carbon dioxide emissions 
(using actual grid average, Building Regulations factor 
and incremental factor.
Figure 77 Organisation of operational case study results
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James Dickinson
7.4 Operational Case Study 1, Small Office: Results
7.4.1 Owner Occupier Comments
The occupier o f the building did not report any problems or issues with the system so far.
7.4.2 GSHP Results Overview
Table 21 provides a summary of the total energy supplied and electricity used by the heat 
pump, along with the seasonal performance factor (SPF) and specific space heating energy 
consumption. The monitoring started in September 2007 and ended on the 16th September 
2008. The SPF in DHW generation mode is lower at 2.6 than in space heating mode where 
the SPF increases to 3.1.
The monitoring equipment was not active during June and July o f 2008 due to a power cut. 
Data were interpolated using data points from May and August to complete space heating 
and DHW energy profiling for the two months.
T ab le 21 B u ild in g  1: R esu lts S u m m ary
M onitoring Start Date 17th Septem ber 2007
M onitoring End Date 16th Septem ber 2008
Space Heating Heat 9,857 kW h
Space Heating Electricity 3,235 kW he
D H W  Heat 2,081 kW h
D H W  Electricity 805 kW he
SPF Space Heating 3.1
SPF D H W 2.6
Specific Space Heating 46 kW h/m 2. annum
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Figure 78 provides a comparative correlation of the monthly space heating energy versus 
the 20 year average and actual degree days for the monitoring period. The cumulative 
degree days for the monitored period was 2119, versus 2176 representing the 20 year 
average. A good correlation is shown between the actual degree days and the profile for the 
space heating over the 12 months.
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F igure 78 B uild ing 1: Space heating  versus actual and 20 year  average degree days
Ground Loop Hecit Exchanger Analysis
Figure 79 shows the fluctuation of the recorded ground loop flow and return temperatures 
throughout the 12 month period. As previously stated no data was recorded during June 
and July. Data in between May and August is interpolated and represented by a dashed 
line. This is compared to the Carslaw and Jaeger approximation at 1.5m below ground 
level.
The average monthly flow temperature peaks in August 2008 at 18.2°C and drops to its 
lowest of 6.8°C in February 2008. The difference in temperature across the evaporator 
stays reasonable steady about a mean of 4.9°C, dipping to 4°C during January 2008 and 
peaking at 5.8°C in August 2008. Although there is a good correlation with the theoretical 
profile the return temperatures to the heat pump suggest the ground temperature at 1.5mbgl 
is actually higher than the approximation.
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F igure 79 B uild ing 1: A verage m onth ly  EST and L ST  from  G L H E
Flow Rate Measurements
Flow rate measurements were initially taken on February 12th 2008, and repeated on 1st 
October 2008. The results are shown in Table 22 along with the recommended 
manufacturer’s minimum. Good agreement was achieved between the two measurement 
studies.
T able 22 B uild ing  1: F low  rate m easurem ents
M easurem en t P oin t M an u factu rer’s 
M inim um  (m 3/hr)
M easured
12/02/08
(m 3/hr)
M easured
01 /10 /08
(m 3/h r)
GLHE flow rate to evaporator 
(15mins)
3.1 2.28 (-26%) 2.26
Space Heating Buffer Tank Flow 
(15mins)
1.2 1.91 (+59%) 1.92
DHW Cylinder (15min) 1.2 1.37 (+14%) 1.38
The measured GLHE flow rate in both cases was 26% less than the recommended 
minimum through the evaporator. The flow rate through the condenser to the space heating 
buffer tank was 59% higher than the manufacturer’s minimum. By comparison the flow 
rate to the DHW cylinder was 14% higher than the manufacturer’s minimum.
On this heat pump the condenser side circulation pump was a 3 speed unit integrated into 
the heat pump cabinet with flow directed to the space heating buffer tank and DHW 
cylinder via a 3-port valve. The pump speed is set by the installer and then controlled by 
the heat pump internal computer to account for differing pressure drops to the buffer tank
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and DHW cylinder. This should enable the optimum flow rate to be approached for both 
modes.
7.4.3 Example Daily Data Profiles
This section provides example data sets and comparisons with expected manufacturer's 
data for 3 different days from the monitoring period.
The following example days have been chosen:
® October 3rd 2007 (Start of Heating Season 2007)
• February 29th 2007 (substantial heating day towards the end of the heating season 
2007/2008)
® September 15th 2007 (Start of Heating Season 2008)
Additional data and examples are provided in Appendix VIII. The corresponding COP 
profile for space heating and DHW for the presented days are provided along with data sets 
for additional example days, December 17th 2007 and May 17th 2008.
7.4.3.1 Example Data October 3rd 2007
Figure 80, Figure 81 and Figure 82 relate to monitored data on October 3rd 2007.
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From Figure 80 the highest recorded space heating flow temperature (LLT) is 40.7°C at
11.32 with a corresponding return temperature (ELT) of 31.5°C. This is just following a 
period of DHW production. The typical peak LLT is ~34°C with an ELT of ~28°C. The 
GLHE entry source temperature (EST) varies between 14.2 and 16.3°C and the return 
leaving source temperature (LST), 8.7 and 12.2°C. The typical temperature differential for 
the GLHE is 5.2°C. The peak amperes for the 3 phases of the compressor (C l/ C2f C3) in 
space heating mode are 5.6/ 5.7/ 6.4 rising to 8.3/ 8.4/ 8.6 in DHW mode. The average run 
time in space heating mode is 4 minutes, and 15 minutes and 8 minutes for the two periods 
of DHW generation.
In Figure 81 the COP for space heating and DHW is plotted against the EST and compared 
to the manufacturer’s quoted efficiency for flow temperatures of 35°C (M 35dC), 50°C (M 
50dC) and 60°C (M 60dC). The COP in space heating mode varies between 3.3 and 3.9;
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the lower COP corresponding to the initially higher flow temperature following a period of 
DHW generation. In DHW mode the COP ranges from 3 to 3.3, and corresponds closely 
to the anticipated performance for 60°C from the manufacturer. In space heating mode, the 
COP is much lower than anticipated performance at ~35°C.
In Figure 82 the heat output and compressor powTer is plotted against the EST and 
manufacturer’s data. The DHW generation again corresponds well with the manufacturer’s 
data at 60°C with the heat output averaging 18kW and compressor power, 5.7kW. In space 
heating mode the heating output is lower than the expected value of 17.5kW with an actual 
average of 15.2kW. The compressor power is also higher at 4.2kW, similar to that 
expected for 50°C suggesting a higher target LLT than the peak temperature measured at 
35°C.
7.4.3.2 Example Data: February 29th 2008
Figure 83, Figure 84 and Figure 85 relate to monitored data on February 29th 2008.
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Figure 83 highlights the weather compensated heating circuit in operation, with flow 
temperatures varying from 44-48°C prior to 08:00 and 39-42°C during the rest of the day. 
The EST has now dropped to ~7°C and the average temperature differential has reduced to 
4.3°C. The run time in space heating mode is generally the same at ~4minutes apart from 
extended periods of ~10minutes between 06:00 and 08:30. DHW run times are between 6 
and 12minutes. The compressor current in space heating mode varies according to the 
LLT, 6.4/ 7/ 7.3 at the highest LLT and 5.1/5.6/6.1 at the lower LLT.
Figure 84 shows the effect of the reduced EST and higher LLT. The average COP in space 
heating mode is 2.9 and in DHW mode the average COP has dropped to 2.7. The DHW 
performance again correlates reasonably with the anticipated efficiency for the 
corresponding LLT and EST although slightly lower, whilst the space heating COP is 
again lower than the anticipated manufacturer’s efficiency.
Figure 85 shows the DHW production from the heat pump being slightly higher than the 
anticipated output with a correspondingly higher power input to the compressor. The LLT 
is higher than 60°C and also that seen in the previous example day. This accounts for the 
slightly lower DHW COP. In space heating mode the heat output varies between ~12kW 
and 14.2kW, with higher output associated with higher LLT. The compressor power varies 
between 4.3 and 5kW, again correlating with the varying LLT. The compressor power 
suggests a higher LLT of ~50-55°C is targeted.
7.4.3.3 Example Data: September 15th 2008
Figure 86, Figure 87 and Figure 88 show data profiles for 15th September 2008. Data are 
provided in this instance to show the GSHP performance returning to at least a similar 
level as that on October 3rd 2007. In fact the performance is improved. This is attributed to
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the higher EST as indicated in Figure 79. Similar trends are noted for efficiencies in DHW 
and space heating modes
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7.4.4 Comparison with Conventional System
Table 23 provides a summary of the assumed conventional system efficiency and energy 
use. In this case study an all gas system (space heating and DHW) is compared against the 
GSHP system installed.
T able 23 B uild ing 1: 2007/08  C on ven tion a l system  en ergy  sum m ary
Gas Boiler Efficiency (%) 85%
Total Gas 14, 045kWh
The results of the cost comparison are shown in Figure 89. The unit electricity price used 
for the comparison is 2.5p/kWh, and for gas, 7.5p/kWh. The three vertical lines on the 
graph relate to the range in total running costs, and also for space heating and DHW 
separately. Three horizontal markers for each vertical line indicate the running costs 
according to the actual GSHP performance (GA), the conventional baseline gas heating 
system (C) and finally, according to the anticipated efficiencies quoted in the 
manufacturer’s literature (GM). Using these efficiencies the SPF in space heating mode 
has been calculated to be 4.7, and in DHW mode, 3.1.
Only in space heating mode is there an annual energy cost saving for the actual GSHP 
installation versus the conventional system, £35.82 or 13%, versus a loss of £1.54 or 3% 
versus conventional DHW generation. There is an overall saving of £34.28 or 12%. These 
savings are marginal and directly influenced by the utility prices and respective COP in 
each mode. The SPF in DHW mode is 2.6 and in space heating mode, 3.1. The savings 
using the anticipated SPF are distinctly greater in both modes versus the actual GSHP and 
conventional baseline. This is particularly true in space heating mode where the anticipated 
SPF is much greater than that realised for the actual system.
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The operational carbon emissions of the GSHP using the manufacturer’s data and actual 
versus a conventional system are shown in Figure 90. There are now three vertical lines for 
the overall “total” energy use of the year, and also for the “space heating” and “DHW” 
modes separately. Each vertical line represents the range in carbon emissions for the three 
electricity carbon factors chosen. The conventional system emissions remain constant in 
each set of assessments due to the gas carbon intensity factor not changing.
Comparing the actual performance versus a conventional system in carbon dioxide 
reduction terms, the GSHP performs better using electricity factors of 0.422 and 0.557, 
suggesting savings in both space heating and DHW modes. Using the estimated 
incremental electricity factor the conventional system out performs the actual system in 
both modes with an overall saving of 649kgC02/ annum and 24%. Again, the higher 
efficiency using the manufacturer’s data realises greater savings in both modes leading to a 
higher overall saving versus the actual results and the gas heating system.
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7.5 Operational Case Study 2, T ransport Hub and Educational Facility: Results
7.5.1 Owner Occupier Comments
During an initial site meeting,, the following comments were stated by the representative 
from the Local Authority:
1. There are consistent complaints by users of zones heated by GSHP under-floor 
system being too cold.
2. The depth to the under-floor heating circuit varies from -75mm to 180mm due to 
incorrect construction of floor slab.
3. Additional electric fan heaters have had to be added to classroom and office space
to increase the room temperature to an acceptable level.
4. The foyer was initially unheated; due to complaints by the public electric fan
heaters have been added to the space.
5. At the start of the monitoring period the GSHP had not been serviced since 
installation in 2004.
The comments highlighted a number of issues with the installed system, highlighting 
potential faults not just with the building construction but also the design. The construction 
and installation of the under-floor slab would seem to lead to the initial conclusion that the 
complaints for inadequate heating are directly linked. The retro installation of electric
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resistance fan heaters to the main foyer also suggest that the passive design principles are 
not optimised.
7.5.2 GSHP Results Overview
A results summary is provided in Table 24 along with a comparative graph versus degree 
data in Figure 91.
During the monitoring period the GSHP system was inactive for 2 main periods:
1. 1 Oth October to 13th November 2007 due to an air blockage in the pipe-work.
2. The heat pump then failed on the 1 Oth June and remained out of action at last point 
of contact in September 2008.
Due to these omissions the data in Table 24 and Figure 91 has been modified to account 
for the GSHP down time. This has been completed by normalising the corresponding 
degree days for October and November 2007, and June to August 2008, against data from 
months with complete data sets.
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T able 24 B uild ing 2: R esults Sum m ary
M onitoring Start Date 28th August 2007
M onitoring End Date 10th June 2008
Space Heating Heat* 29944 kWh
Space Heating Electricity* 11591 kW he
DHW  Heat* 2794 kWh
DHW  Electricity* 14478 kW he
SPF Space Heating 2.6
SPF DHW 2.3
Specific Space Heating 114 kW h/m2. annum
^Normalised due to GSHP downtime
The SPF realised in both space heating and DHW modes is very low, at 2.6 and 2.3 
respectively. The specific heating demand, 114kWh/m per annum, is also high 
considering the low energy design principles used for the building. The value for OCS1 
was 46kWh/m per annum.
Moving the focus to Figure 91, the correlation to the actual degree days for the period is 
reasonable although the heating load detaches from the general trend between January and 
April. This suggests the heating profile during this period was changed or the GSHP was 
unable to meet the temperature set-points in the building leading to extended run hours.
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F igure 91 B uild ing 2: Space heating versus actual and 20 year average degree days for E ast A n glia
Ground Loop Heat Exchanger Analysis
Figure 92 shows the average flow and return temperatures to and from the GLHE. The 
Carslaw and Jaeger approximation at the average borehole depth of 8.5m is consistent at
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10.6°C. The initial GLHE temperatures in August 2007 suggest that during the summer the 
ground temperature recovers. During the heating season the flow temperature from the 
GLHE (EST) varies from -0.2°C in October 2007 rising to above 2°C at the start of June 
2008. The difference between the EST and LST varies between 3.9K and 2.5K. The 
highest temperature was realised in August 2007 and. the lowest in January 2008.
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Flow Rate Measurements
Flow rate measurements were taken of the 13th of February and then on the 24th of May 
2008 using two different ultrasonic meters. The results of the measurements shown 
indicate that the GLHE flow rate is near to the manufacturer’s minimum whilst the flow 
rates on the building side are much higher. The flow rate to the buffer thank is 2.36 times 
higher, and to the DHW cylinder, 2.42 times higher. This suggests that the flow rate has 
been incorrectly calibrated on installation.
T able 25  B uild in g  2: F low  rate m easurem ents
M easu rem en t P oint M an u factu rer’s 
M inim um  (m 3/hr)
M easured  13/02/08  
(m 3/hr)
M easu red  24 /05 /08  
(m 3/hr)
GLHE flow rate to 
evaporator (15mins)
2.7 3.02 (+12% )
3.00
Space Heating Buffer 
Tank Flow (15mins)
0.95 2.24 (+136%) 2.26
DHW  Cylinder (15min) 0.95 2.3 (+142% ) 2.32
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7.5.3 Example Daily Data Profiles
This section provides example data sets and comparisons with expected manufacturer's 
data for only 2 different days from the monitoring period. As already indicated the GSHP 
was inactive from June 2008 to the end of the monitoring phase. Therefore, it was not 
possible to take measurements at the start of the following heating season to show system 
efficiencies recovering as in building 1.
The following example days have been chosen:
• September 11th 2007 (start of heating season 2007)
® February 27th 2008 (substantial heating day towards the end of the heating season 
2007/2008)
The data profiles are presented in a similar way to building 1 although the numerical 
interpretation is summarised in tabular form under each graph. A brief description is 
provided to highlight keys trends.
Additional data and examples are provided in Appendix XII. The corresponding COP 
profile for space heating and DHW for the presented days are provided along with data sets 
for additional example days, December 4th 2007 and June 3rd 2007.
7.5.3.1 Example Data: 11th September 2007
Figure 92, Figure 93 and Figure 94 relate to monitored data on September 11th 2007.
Figure 92 shows the heating period limited from -06:00 to 10:00 with two period of DHW 
charging at 12:00 and 15.45. The temperature leaving the heat pump (LLT) is reaches 
steady state at ~28.1°C with a return temperature of ~23.1°C. The 3-phases of the heat 
pump are unbalanced with the current ranging from 4.8 to 5.5Amps. In DHW mode the 
leaving temperature peaks at 52.3°C, whilst the 3-phase current measurements increase 
accordingly, with a similar ratio, to 6.2-6.9Amps.
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Average EST and LST: 0.2°C and -3.7°C (AT 3.9)
Peak ELT an LLT: 23.8°C and 28.1°C (AT 4.3)
C1/C2/C3: 4.8/5.5/5.3
DHW Mode
Typical EST and LST: 6 .8°C and 2.8°C (AT 4)
Peak ELT an LLT: 48°C and 52.3°C (AT 4.3)
Peak C1/C2/C3: 6.2/6.9/6.7
Figure 94 shows the data compared to the manufacturers’ performance graphs. The results 
are spread due to the initial drop in the EST from ~10°C to 0°C. Although not entirely clear 
from the graph, the data is bunched towards 0°C and there are very few relative data points 
from 10°C to 2°C.
In space heating mode the performance is much lower than that expected for a flow 
temperature of less than 30°C with an average COP of 3.1. For this flow temperature a 
COP of greater than 4.5 is expected at an EST of ~0°C. In DHW mode the performance is 
improved versus the performance graphs although still lower. Due to the short cycle time 
the EST is generally higher at ~5°C. The average COP is 2.7 versus an expected value of 
>3.
7 
6 
5
^  4
O
U  3 
2 
1
0
F igure 94 B uild in g  2: C om parison  versus M an u factu rer’s D ata (1) - C O P  versu s E n try  S ou rce  
T em peratu re - 11th Septem b er 2007
Average Space Heating COP -  3.1
Data Sheet COP (EST 0°C and LLT 35°C) -  4.5
Average DHW  C O P - 2 .7
Data Sheet COP (EST 5°C and LLT 55°C) -  3.1
Figure 95 shows the thermal output being similar to that expected although there would 
seem to be a trade off due to the increased electricity input. In space heating mode the 
average output is ~11.3kW whilst in DHW mode the average output is 12.2kW. For the 
flow temperature measure the electrical input should be less than 2.2kW and 3.9kW
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respectively, where it is in fact ~3.6kW and 4.6kW. This higher electrical input is 
obviously reflected in the much lower COP realised in both modes.
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F igure 95 B uild ing  2: C om p arison  versus M an u factu rer’s D ata (2) - Space H eating  G en eration  and  
E lectricity  versus E ntry  S ource T em perature - 11th Sep tem b er 2007
Space Heating Mode
Average Heat Output -  11,044 W
Average Electricity Input -  3 ,8 12W
DHW  Mode
Average Heat O utput -  12,025W
Average DHW  Output -  4,302W
7.5.3.2 Example Data: 27th February 2008
Figure 96, Figure 97, and Figure 98 relate to monitored data on February 27th 2008.
Figure 96 shows the heating period limited from 02:00 to 20:00 with two period of DHW 
charging at 9.45 and 13.00. The EST stays reasonably constant at 0.6°C with a temperature 
of difference of 3.6K. The LLT averages at 29.4°C, varying very little throughout the day. 
The 3-phases of the compressor draw similar ratios of current to that seen in the previous 
daily profile in September.
Perhaps the most striking element of the measurements taken on this day is the near 
constant heating requirement. This was seen to be very typical o f the building throughout 
the heating season. The building management team had decided to trial extending the 
heating up period throughout the heating season. This helps to explain the deviation from 
the degree days correlation. Even extending the heating period, the building did not reach 
the desired set-point for the occupants. The thermostat for each room had been set at 20°C. 
Charging of the DHW cylinder was successful reaching the set point of 50°C albeit over a 
longer period that observed during September.
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F igure 96 B uild ing  2: D ata P rofile - 27th  F ebruary 2008
Space Heating Mode
Typical EST and LST: -0.2 and -3.9 (AT 3.6)
Typical ELT an LLT: 25.5 and 29.4 (AT 3.9)
C1/C2/C3: 4.9/5.6/5.4
DHW Mode
Typical EST and LST: 0.7 and -2.6 (AT 3.3)
Peak ELT an LLT: 48.4 and 52.7 (AT 4.3)
Peak C1/C2/C3: 6.2/6.9/6.7
The comparison versus the manufacturer’s data sheet is shown in Figure 97. The average 
COP in heating mode has now fallen to 2.8, and the DHW COP to 2.4. This can be partly 
explained through the lower average flow temperature from the ground loop and possibly 
the slightly higher flow temperature from the evaporator. The shape of the DHW data set 
extends from a COP of ~2 to ~3.5; this relates to the ramp up period to meet the peak 
temperature of 50°C. At initially lower temperatures the COP is higher. As the temperature 
rises the COP falls. The COP in both modes is much lower than that expected from the 
literature.
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F igure 97 B uild in g  2: C om parison  versus M an u factu rer’s D ata (1) - C O P  versus E ntry Source  
T em p eratu re  - 27th  F eb ru ary  2008
Average Space Heating COP -  2.8
Data Sheet COP (EST 0°C and LLT 35°C) -  4.5
Average DHW  C O P - 2 .4
Data Sheet COP (EST 0°C and LLT 55°C) -  2.8
Figure 98 shows a similar pattern to that in September, although again the DHW data 
plume for the heat and electricity is stretched out according to the flow temperature to 
storage cylinder. The heat output is lower than that in September with an average of 9.9kW 
although electricity input has increased marginally to 3.7kW.
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F igure 98 B uild ing 2: C om parison  versus M an u factu rer’s D ata (2) - Space H eating  G en eration  and  
E lectr icity  versus E n try  Source T em perature - 27th F eb ru ary  2008
Space Heating Mode
Average Heat Output -  9,842W
Average Electricity Input -  3,915 W
DHW  Mode
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Average Heat Output -  10,011W 
Average DHW  O u tp u t - 4 ,103W
7.5.4 Comparison with Conventional System
The comparisons between the conventional baseline (C), GSHP actual (GA) and the 
performance according to heat pump data sheet (GM) are shown in Figure 99 and Figure 
100. Similar trends can be seen as in OCS1 although due to the lower coefficient of 
performance realised in both space heating and DHW modes the results are slightly worse
For the economic analysis, the actual GSHP outperforms the conventional system overall 
and in space heating mode. This is not the case in the DHW where the ratio used between 
the gas and electricity price is too low to counter for the low SPF. Much larger savings are 
possible according to manufacturer’s data. Overall the actual results are -95%  higher than 
GM highlighting the impact of a lower SPF, particularly in space heating mode.
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F igure 99 B uild ing  2: O p erational fuel costs - G SH P  A ctu a l and an ticipated  vs. con ven tion a l system
The carbon dioxide analysis in Figure 101 indicates that the GSHP is only providing 
marginal benefits versus the conventional baseline using the current system average. In 
DHW mode the conventional system outperforms the actual system. Using the incremental 
factor the monitored results are 42% higher than the conventional system although the 
manufacturers data still suggests a saving would be realised. Using the lower assumed long 
term carbon factor, 0.422kgCO2/ kWhe, the monitored system suggests 39% saving versus 
convention.
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Figure 100 B uild ing  2: O perational C 0 2 - G SH P  A ctual and anticip ated  vs. con ven tion a l system
7.6 Operational Case Study 3, School: Results
7.6.1 Owner Occupier Comments
The initial meeting with the school’s estate manager highlighted a number of key issues 
with the GSHP system:
1. The system had not been serviced since installation in 2003.
2. No schematics or instructions were available for hydraulic or controls system.
3. The system had been designed jointly by Devon County Council and Exeter 
University; key staff had now left both organisations.
4. The heating and controls contractor who installed the system was no longer trading.
7.6.2 GSHP Results Overview
Monitoring was intermittent throughout year due to frequent site power cuts, heating 
system failure and the incorrect setting on one of the heat pumps. Consequently, data was 
only collated for 53 days from the 12 month monitoring period. Therefore, no cumulative 
data is available for this building.
To try to alleviate the powrer cut problem an uninterruptable power supply (UPS) battery 
was installed early on but due to the length of the majority of power cuts being greater than 
30 minutes, i.e. the length of the battery life, the data logging computer was still affected.
A 3-port valve solenoid on the building heating side was inactive for approximately 4 
weeks. The valve controlled low temperature hot water flow to the main under-floor 
heating circuit. This caused the heating system to pulse on and off over very short periods. 
During this time the school classrooms were under-heated. The solenoid was eventually 
released and the system proceeded to work correctly.
',617 T GA
GA = G S H P Actual
C = Conventional
GM = GSHP Manufacturer Data
0 .422kgC 0j/ kWh. (BIO
0.557kgC0z/ kWh,, (S A) 
Q.835kgC02/ kWh,(Inc. SA)
Total Space Heating 
Mode
DHW  Mode
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For two months one of the heat pumps was unintentionally set to cooling mode causing 
both heat pumps to run against each other almost continually. The problem was not 
realised until a site visit and a review of the monitoring data. The estates manager was 
consequently informed and the heat pump was set back to “heating” mode.
In June the GSHP System failed completely and remained inactive until the 5th December. 
During this time the school were unsuccessful in identifying a suitable contractor to fix the 
problem. Eventually, the estates team managed to get the system working again. This was 
following the resetting of the microprocessor on each heat pump to the original factory 
settings.
One example day is still presented to analyse the performance o f the system installed.
Flow Rate Measurements 
T ab le 26 O p eration a l B u ild in g  3: F low  rate m easu rem ents
M easu rem en t P o in t M an u factu rer’s 
M in im u m  (m 3/hr)
M easured
14/02 /08
(m 3/h r)
GLHE flow  rate to HP1 (15m ins) 1.94 2.15
GLHE flow  rate to HP2 (15m ins) 1.94 1.33
B uffer Tank F low  from HP1 0.79 0.74/1 .83
B uffer Tank F low  from HP2 0.79 0 .47 /1 .16
The circulation pump to the buffer tank had two speed settings. The lower flow rate had 
the effect o f increasing the LLT from each heat pump, and conversely, the higher flow rate 
would reduce the LLT. This approach was thought to be applied due to the fixed speed 
compressor in each heat pump and the design intention to still alter the flow temperature to 
the under-floor heating circuits.
The flow rate measurements highlight different rates to each heat pump, i.e. the flow was 
not balanced. This primarily affects heat pump 2 in two ways:
1. The GLHE (evaporator) flow rate is lower than the manufacturer’s recommended 
minimum.
2. The buffer tank side (condenser) flow rate is lower than the recommended 
minimum at the lower speed
The low speed flow rate through the condenser of heat pump 1 is also marginally lower 
than the recommended minimum.
7.6.3 Example Data Profiles December 3rd 2007
Due to the installation of two heat pumps at the site the presentation of the data is slightly 
different to OCS 1 and 2. Figure 101 and Figure 102 show respective data profiles for heat 
pump 1 and 2. Figure 103 provides a combined data set of the two heat pumps. The results 
are again shown in tabular form beneath each of the profiles.
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The data profile for HP1 shows the operation pulsing throughout the day, the average 
operating time is 4 minutes and 30 seconds. The average LLT is 37°C with a ELT of 
31.7°C. The GLHE EST and LST is 7.9°C and 4.8°C respectively. The 3-phase supply is 
again unbalanced. The profile for HP2 mirrors that of HP1 although due to the lower flow 
rate the temperature regime is different leaving the evaporator and condenser. The average 
LLT is higher at 39.3°C and the LST is lower at 3.5°C. This leads to a slightly lower 
compressor power and higher differential on both sides of the refrigeration circuit.
The combined temperature data profiles, Figure 103, effectively shows an average of the 
two heat pump temperatures. The compressor power is the sum of heat pumps 1 and 2.
It is difficult to analyse the validity of the GLHE sizing in the long term due to the frequent 
periods of system downtime.
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F igure 101 B uild ing 3: HP1 D ata P rofile  -  3rd  D ecem ber 2007  
Typical EST and LST -  7.9°C and 4.8°C (AT 3.1) 
Typical ELT an LLT -  31 ,7°Cand 37°C (AT 5.3) 
C1/C2/C3 -  5.3/6/5.5
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F igure 102 B uild ing 3: H P2 D ata P rofile -  3rd  D ecem b er 2007  
Typical EST and LST -  7.9°C and 3.5°C (AT 4.4) 
Typical ELT an LLT -  31.7°C and 39.3°C (AT 7.6) 
C1/C2/C3 -  5.1/5.7/5.2
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F igure 103 B uild ing 3: C om bined  D ata P rofile -  3rd D ecem ber 2007
Typical EST and LST -  7.9°C and 4.3°C (AT 3.1)
Typical ELT an LLT -  31,7°C and 37.8°C (AT 6.1)
C1/C2/C3- 10.4/11.7/10.7
Figure 104 and Figure 105 show the comparison of actual performance versus the 
manufacturer’s data. The results are shown for the combined data set only. Unfortunately, 
only limited performance data was available from the manufacturer. A typical COP of 3.8 
was suggested with a EST of 15°C and LLT of 35°C. the respective combined heat output is 
24.8kW with compressor power at 6.6kW. The quoted EST is higher than the required 
value of 0°C stipulated by BS EN 14511.
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Indicative lines have been added to each figure to show that the actual performance seems 
to be similar to the at expected according manufacturer’s data, the line gradient has been 
approximated using the performance graphs for OCS1 and 2. The COP average is 2.85 and 
the heat pump output is 21.5kW. The compressor power is perhaps higher than expected.
Indicative C O P vs E S I
EST (C)
M 35dC
x  SH
03/12/2007
F igure 104 B uild ing  3: C om bin ed  (HP1 +H P 2) - C om parison  versus M an u factu rer’s D ata (1) - C O P  
versus E ntry S ource T em p eratu re -  D ecem ber 3rd  2007
Average COP -  2.85 
HP1 -2 .7 7  
H P 2-2 .92
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F igure 105 B uild ing 3: C om bined  (H P1 + H P 2) - C om parison  versus M an u factu rer’s D ata  (2) - Space  
H eating G eneration  and E lectr icity  versus E ntry S ource T em p eratu re  -  D ecem ber 3rd  2007
Average heat combined -  21,485W 
Average heat HP1 -  10,177W 
Average heat HP2 -  11,308 W 
Average electricity power combined -  7,547W 
Average electricity power HP1 -  3,677W
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Average electricity power HP2 -  3,870W
Due to the lack of data over the rest of the year for this building no overall comparison is 
made against a conventional system and manufacturer’s data.
7.7 O perational Case Study 4 Results
7.7.1 Owner Occupier Comments
The building manager reported no problems or issues with the system. Significantly the 
company occupying the building is a building services contractor who, although they did 
not initially design the system, now have a detailed knowledge of the installation. The well 
system in monitored by a third party to complete necessary reporting to the Dutch 
government.
7.7.2 ATES Results Overview
Figure 106 provides a summary of the heating and cooling loads for 2007. Heating is 
required during the months January to May and September to December. Conversely 
cooling is provided to the building from the ATES system during the months of March to 
November. Unfortunately it was not possible to obtain typical degree data for the location 
but discussions with the building owner suggested that the heating and cooling pattern was 
similar to previous years.
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F igure 106 B uild ing 4: 2007 M on th ly  H eating  and C oolin g  L oads
A summary of the results from the monitoring period is shown in Table 27. In heating 
mode, an additional intermediate pump is required to transfer energy between the heat 
pump and ground water heat exchanger. The electricity breakdown in heating mode is 
shown in Figure 107. Aside the heat pump electricity, auxiliary pumps on the evaporator 
side of the heat pump account for 6.9MWh or -12.5%  of the total electricity used in the 
heating mode. In cooling mode the only electricity used to deliver coolth to the cooling 
distribution circuit is for the well pump, hence the SPF in the cooling mode being much 
higher at 12.8 in comparison to 2.8 in the heating mode.
T able 27 B uild ing 4: Sum m ary o f  results
L i l l i !
Heating kWh 
■  Cooling kWh
Page 200
James Dickinson
M onitoring Start Date 1st January 2007
M onitoring Start Date 31 December 2007
ATES Heating 153 MW h
ATES Heating mode electricity 55 MW he
Heat abstraction from groundwater 105 MW he
ATES Cooling 75 MW h
ATES Cooling mode electricity 6 MW he
SPF Heating 2.8
SPF Cooling 12.8
intermediate 
pum p, 9 6 0 ,  
1.7%
w ell pum p,
5,935 , 10.8%
heat pum p, 
4 8 ,0 2 4 , 87.4%
F igure 107 B uild ing 4: H eating  m ode e lectricity  breakdow n  -  kW h, %
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7.7.3 Groundwater Side Analysis
Figure 108 shows the measured monthly abstraction and discharge temperatures from the 
cold and warm wells.
H eating M o d e  - W arm  W ell A bstraction  — *—  H eating M ode - C old W ell D ischarge
- a - Cooling M o d e  - C old  W ell A bstraction  C ooling M o d e  - W arm  W ell D ischarge
 U ndisturbed G round W ater T em perature
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F igure 108 B u ild ing  4: M on th ly  w arm  and cold w ell ab straction  and d isch arge tem p eratu res
Towards the end of the heating season in March and April there is a slight drop in the 
abstraction temperature as the ground water thermal store is depleted. The abstraction 
temperature from the warm well is nearer 14°C following the cooling season. The 
depletion of the cooling energy storage is more pronounced towards the end of the cooling 
operation of the ATES system. This is reflected by the rising abstraction temperature from 
7.2°C in March to 9°C in October. The abstraction temperature is again reduced in 
November following a period of heating and cold water discharge.
More detailed analysis for the groundwater side has been completed for the journal paper 
published in Geotechnique, see Appendix I. This includes a review of the fundamental 
theory of ATES and validation of the software model HSTWin with the measured data 
from this case study.
7.7.4 Example Daily Profiles
7.7.4.1 Peak Heating Day: 25th January 2007
The peak heating condenser temperatures and power profiles are shown in Figure 109. The 
corresponding groundwater flow rates and temperatures are shown in Figure 110 and the 
respective instantaneous COP readings are presented in Figure 111.
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F igure 109 B uild ing 4: P eak  h eating con d en ser tem p eratu res and pow er profile  - 25th Jan u ary  2007
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F igure 110 B uild ing 4: P eak  heating  grou n d w ater  flow  rate and w ell ab straction  and d isch arge  
tem peratu res
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F igure 111 B uild ing 4: P eak  heating  C O P  profile 25th Jan u ary  2007
Figure 109 shows the flow temperature from the condenser varying between 38 and 44°C 
when the heat pump is in operation. During other times the temperature tends to the lower 
ambient temperature in the plant room. More significantly the return temperature from the 
heating load varies from ~28°C, during peak periods, to ~39°C when the building is 
unoccupied. Figure 110 shows the groundwater flow temperature from the warm well 
remaining steady at 14°C and the discharge temperature fluctuating between 4.2 and 7.5°C.
During peak periods, i.e. between 08:00 and 10:00 in this example, the AT across the 
condenser on the heat pump is maintained at -9K. During other periods, e.g. between 
12:00 and 18:00, the AT varies from 5 to 8K. Particularly low effective heat transfer is 
realised during periods when the building is not occupied. Before 06:00 and past 18:00 the 
typical COP is lower than 3 and the AT is 2 to 4K.
In Figure 111 the full load COP is shown to be much higher than the SPF of 2.8 presented 
in Table 27 for the whole year. During the peak load period the COP averages at 4.7-4.9. 
This is comparable to the quoted COP of 4.9 from the manufacturer’s data for an 
evaporator entry temperature of 13°C and condenser leaving temperature of 35°C. During 
the peak load period the measured flow temperature entering the evaporator was ~12.5°C 
and the condenser leaving temperature was 38°C.
The lower COP in part load can be mainly attributed to the constant speed compressor that 
has been installed in the heat pump. The condenser and evaporator side hydraulic pumps 
are also maintained at constant speeds and hence flow rates. A minimum flow rate is 
required through the heat pump by the manufacturers to protect the refrigeration circuit.
In part load conditions the compressor power remains the same as that at full load, ~40kW, 
thereby reducing the COP during such periods. This is indicated in Figure 111 where the 
COP fluctuated from below 2 to -4.5 during “non-peak” periods of the day. During such 
periods the temperature difference (AT) across the condenser drops thereby reducing heat
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transfer. This is caused by the constant flow rate and higher return temperature from the 
heating distribution system.
7.7.4.2 Peak Cooling Day: 8th June 2007
The peak cooling distribution system flow and return temperatures, and power profiles are 
shown in Figure 112. The corresponding groundwater flow rate and abstraction and 
discharge temperatures are shown in Figure 113, and respective instantaneous COP 
readings in Figure 114.
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F igure 112 B uild ing 4: P eak  coolin g  tem perature and p ow er profile 8 th Ju n e 2007
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F igure 114 B uild ing  4: P eak coolin g  C O P  p rofile 8th June 2007
The results highlight the benefits of not using a reversible heat pump or water cooled 
chiller for space cooling. By referring to Figure 112 and Figure 113 it is possible to see that 
with a ground water flow temperature of ~7.5°C a cooling distribution flow temperature of 
10°C is achieved and maintained throughout the peak cooling mode period from 06:30 to 
18:00. This is when the return temperature from the cooling load is approximately 16.5- 
18°C. Towards the end of this period there is a slight rise in the flow temperature from the
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heat exchanger to the cooling circuit from 10 to 10.4°C as the return temperature increases 
past 18°C.
Figure 114 shows that during the main cooling period the COP increases according to the 
AT across the heat exchanger. At the start o f this period the AT is 6.5K; this increases to a 
maximum of 8.4K at 16:00. At the start of this period the COP is -15, this rises to 20 at the 
peak. In this case the flow rate on both the groundwater side and building side can vary 
according to the load; there is no need to maintain a minimum flow rate. The well pump 
and cooling circuit pumps are frequency controlled to maintain the desired flow 
temperature of 10°C.
In this example, the part load periods are during the unoccupied periods before 06:00 and 
past 18:00, when only the building set back temperature is being maintained and the 
external temperature also decreases. During these periods the COP drops to below 10 due 
to the lower AT as the system has not reached steady state. The groundwater flow 
temperature is greater than 8°C and the cooling system flow temperature is greater than 
11°C. The higher groundwater flow temperature is most probably due to residual 
groundwater in pipe work between the well screen and heat exchanger initially passing 
through the heat exchanger.
7.7.5 Comparison with Conventional System
Table 28 provides a summary of the calculated energy for a baseline conventional system 
based on the measured heating and cooling loads for 2007 shown in Table 27.
T ab le 28  B u ild in g  4: 2007  C on ven tion a l system  en ergy  su m m ary
Gas B oiler E fficiency (%) 85%
Electric Chiller E fficiency (COP) 3
Total Gas 180,033 kW h
Total Elec. EC 25 ,049  kW he
The results of the comparison with the ATES system are shown in Figure 115 and Figure 
116. In heating mode there is a £206 (5%) operational cost saving versus the conventional 
system. In contrast there is a greater assumed saving of £1,429 (76%) in the cooling mode. 
The ATES system provided an assumed total saving of £1,635 (26%) versus the 
conventional system in 2007.
In cooling mode the ATES system suggests savings o f 8,085kgCO2 per annum (76%) using 
the lower CO2 factor of 0.422kgCC>2/kWh. Whilst in heating mode the saving is greater in 
absolute terms, 1 l,751kgC02, although smaller in percentage terms, 34%. The cooling 
mode percentage saving remains the same at 76% for a rising carbon factor although the 
absolute reduction increases to 10,571 and 15,998 kgCO2/ annum, for an electricity carbon 
dioxide factor of 0.557 and 0.835kgCO2/ kWhe respectively. A saving is still assumed in
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space heating mode using 0.557 but the conventional system out performs the ATES 
system using the higher incremental factor.
Overall the results suggest a saving for each electricity carbon factor although the total 
reduces from 19,836 (44%) to 5,067 (9%) for the higher carbon factor.
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F igure 115 B uild ing  4: O p eration a l fuel costs - G SH P  A ctual vs. con ven tion a l system
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7.8 O perational Case Study Discussion
This section discusses the results shown in section 7.7.
7.8.1 Operational Case Study 1
The ground loop temperatures recorded seem to show that the ground loop is sized 
adequately for the heating requirement over this period with ground temperatures returning 
to near the previous years’ starting temperature.
The recorded degree days for the region and period in question are slightly lower than the 
average for the last 20 years. In future years where the heating demand is potentially higher 
the flow temperatures from the ground loop may drop lower during certain months.
The COP and instantaneous heat generation is lower than expected for corresponding load 
leaving temperatures. By contrast the DHW performance corresponds well with the 
manufacturer’s literature. It is thought that the lower performance in space heating mode is 
linked to the much higher flow rate in space heating mode (1.9m /hr) compared to the 
recommended minimum (1.2m /hr). This assumption is backed up by the improved 
comparable performance in DHW mode versus the manufacturer’s data where the flow rate 
is 1.38m /hr. However, there is no indication from the manufacturer’s literature to what the 
optimum flow rate is for either condenser or evaporator.
The run time in space heating mode is also short so the GSHP does not reach steady state.
It is difficult to assess what the target LLT is in space heating mode when the LLT is still 
increasing at a significant rate when the heat pump shuts down. Therefore, the anticipated 
COP should not necessarily be compared to that of the measured LLT. The compressor 
power in each of the example days suggests a higher LLT is indeed targeted. A larger 
buffer tank would allow the heat pump to run for longer periods; the current tank only has 
a capacity of 1001. Ochsner (2008) suggests 20-301 per kW of installed heat capacity. 
Taking the peak heat output noted at 17.51cW during September this would suggest a buffer 
tank o f 350-5251 is needed. Of greater ongoing operational concern is that the GLHE flow 
rate is significantly lower than the recommended minimum. The recommended minimum 
is quoted in the literature to protect the refrigeration circuit.
The operational savings are marginal at 12% for the current setup. If, as predicted, gas 
prices rise versus electricity prices then this should improve as long as the system 
performance does not reduce significantly with time.
Actual carbon dioxide emission savings are only assumed using either the 20 year system 
average factor of 0.422kgCO2/ kWh or the system average for 2007 of 0.557kgCC>2/ kWh. 
Using the higher assumed incremental factor the conventional system emits less carbon 
dioxide. This suggests that running the system during non-peak periods when the 
incremental factor is not valid would ensure carbon emission savings versus a conventional 
system. This would of course require significant heat storage to ensure the heat pump 
operation is minimised during certain periods of the day. This would not be possible with
Page 209
James Dickinson
the 1001 buffer tank currently installed. The charging of the DHW cylinder could be 
minimised during peak periods, with charging prioritised during the night time.
7.8.2 Operational Case Study 2
Before summarising particular problems with the GSHP installation there are a number of 
issues to report regarding the passive design of the building and the installation of the 
underfloor heating system. Significantly, this has led to areas o f the building requiring 
additional heaters. The monitoring results for this case study were also not complete due to 
the heat pump system not working for a number of months. This seems to be linked to the 
owner of the building, the local Council, having had difficulties engaging the existing 
contractor to service and provide maintenance for the installation. This has left the building 
unheated and required the further installation of portable fan heaters in the building. 
Additionally, an electric immersion heater located in the DHW tank has had to take a lead 
in generating hot water. Both back up systems are expensive to run even allowing for the 
contribution of electricity generated by the on site wind turbine.
There is a reasonable correlation with the degree days for the region and period apart from 
during the months of January and February when the GSHP seems to deliver more heat 
than the normalised degree days’ data. This seems to be linked to the buffer tank being 
oversized for the heat pump and also the high flow rate through the condenser of the heat 
pump.
The buffer tank size is 9001 whilst the recommended size for a 10.5kW rated heat pump, 
using Ochsner (2008), is 210-3151. The heat pump consequently struggles to raise the 
buffer tank to the set point when there is a heating demand and remains running for 
considerable periods of time. During colder days the GSHP stays operational throughout 
the day only stopping and starting in line with the permitted operating times set on the heat 
pump. In January the operating period was extended by the owner in an attempt to increase 
the temperature in the building. This also helps to explain why the GSHP runs for 
additional hours during January and February.
The flow rate through the heat pump condenser in space heating and DHW modes is much 
higher than the recommended minimum. This means the temperature leaving the heat 
pump, the load leaving temperature (LLT), will be lower than the target temperature. 
Hence, the observed heat pump power is much higher than expected for the realised LLT. 
The LLT struggles to approach 30°C in operation and therefore, the flow temperature from 
the buffer tank to the heating circuit will inevitably be lower. This suggests why the GSHP 
system struggles to heat the treated floor area.
Added to the problems with the flow rate and buffer tank sizing is the fact the under floor 
heating circuit is installed at varying depth which will affect performance and heat transfer 
through the floor. Also, due to the long run hours the entry source temperature from the 
GLHE is consistently around 0°C through the heating season. This will affects the ongoing 
efficiency of the heat pump.
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The combination of all these issues affects the efficiency of the system; the SPF in heating 
mode is 2.6 and 2.3 in DHW mode which is lower than the anticipated performance from 
manufacturer’s data. The SPF of the system in both DHW and, particularly, in space 
heating mode severely affects the performance in comparison to the anticipated results 
using manufacturer’s literature. In economic terms the overall savings are marginal in 
comparison to a conventional system, and in DHW the GSHP actually costs more to run. 
Carbon dioxide savings are only again realised using the Building Regulations Factor and 
the current system average. Using the incremental carbon factor the conventional system 
would seem to emit less than the conventional system. Using the manufacturer’s data the 
GSHP would provide operational cost savings in both space heating and DHW modes. It is 
apparent therefore that designers and building occupiers could be misled into thinking 
savings are going to be realised.
7.8.3 Operational Case Study 3
The monitoring for this site was severely interrupted due to frequent power cuts and finally 
due to the system not being in operation for over 5 months of the year. This meant the 
analysis was limited to just 53 days and was restricted to analysing the instantaneous 
performance. One of the principal reasons why the GSHP was not operational for 5 months 
was that no detailed drawings for the system were left with the school. This meant the 
maintenance staff were unable to troubleshoot effectively and it was also difficult to 
engage a willing M&E contractor. Aside from this problem, there were also a number of 
operational issues that seemed to compromise the performance. These are connected to the 
system design and commissioning.
Firstly, it is useful to summarise the employed strategy. The flow rate from the GLHE 
through the heat pump evaporators was constant during operation whilst the flow rate was 
altered through the condenser. The intermediate pump between the heat pumps and the 
buffer tank had two speed settings. This strategy seemed to be employed to vary the flow 
temperature to the buffer tank in light of the fixed speed compressor in each heat pump.
An initial observation was that the flow rates to each heat pump were different on both the 
condenser and evaporator sides. This was thought to be linked to unbalanced pipe work. 
The imbalance led to a slightly lower flow rate though the second heat pump’s condenser 
than the manufacturer’s recommended minimum. This was at the lower pump speed 
setting. At the higher flow rate setting the flow rate was significantly higher than the 
recommended minimum rate through both heat pumps. The imbalance also affected the 
flow rate through the evaporator o f the second heat pump. This was much lower than the 
manufacturer’s minimum and hence concerns were raised about protecting the refrigeration 
circuit.
Due to the age of the heat pumps they had not been tested to BSEN 14511. However, the 
suggested COP in the manufacturer’s literature is closer to the actual results than in the 
previous two case studies. Admittedly, this was analysed by adding an indicative
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performance line as only one data point was available for the coefficient of performance, 
the power and the heat energy output.
7.8.4 Operational Case Study 4
The final case study was an open loop system with a aquifer thermal energy storage 
strategy in place. No maintenance or servicing issues were noted by the occupier of the 
building. This was not necessarily indicative o f the system installed but the fact the 
owner’s core business was building services design and installation. Hence, it was difficult 
to understand the relative performance in this respect in comparison to the other buildings. 
Nonetheless, a number of other key characteristics of the system operation were identified.
In heating mode the system performance at part load was compromised due to the constant 
speed compressor. Therefore, maintaining a full load on the heat pump seemed to improve 
performance and would enable a higher seasonal performance factor to be realised for the 
complete heating season. At part load the COP decreased significantly versus the full load 
COP of 4.8. Improving the performance could be improved in a number of ways.
Firstly, the number of full load hours could be achieved by increasing the size o f the buffer 
tank from 10001. As Ochsner (2008) suggests 20-301/ kW this would mean the installation 
of 4,900 to 7,3501 of buffer tank capacity. A number of buffer tanks could be used to suit 
part load conditions. The introduction of a larger buffer tank capacity is further justified 
due to the low inertia in the fan-coil and air-based heating system installed. This is in 
comparison to an underfloor heating circuit.
Alternately or additionally the heat pump could be replaced with a variable speed 
compressor or multi-scroll heat pump to improve the modulation at part load. Flow rates 
through the condenser and evaporator at part load could then be controlled more accurately 
to ensure the maximum temperature differential. This might be a more practical solution 
compared to installing much greater buffer tank capacity.
In cooling mode the system performed much better than the assumed conventional system 
with a much higher achievable COP and SPF. The COP tended to drop during the 
unoccupied periods when the system pulsed on and off. The system did not seem to reach 
steady state and the flow temperature from the cold well was higher. This could be 
improved by starting the well pump earlier to achieve a lower flow temperature but 
admittedly this would also consequently increase well power.
Operational cost savings in the heating mode are marginal and the system may prove more 
expensive to run if, in the short term, gas prices reduce relative to electricity prices. 
However, research presented in chapter 6 suggests that in the medium to long term gas 
prices will increase more quickly versus electricity so marginal savings are likely to 
improve. Nonetheless a higher SPF in the heating mode would improve the economic and 
carbon dioxide savings. This is of particular relevance if  assuming a higher incremental 
carbon dioxide factor. The replacement of the heat pump with more flexible output could 
be justified in economic terms following respective economic appraisal using, e.g. net
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present cost analysis to understand the long term benefits. In summary the ATES system 
installed suggests significant economic and carbon dioxide savings versus a conventional 
system even with higher carbon intensities due to the particularly high efficiency in 
cooling mode.
As no manufacturer’s efficiency data was available it was not possible to compare the 
actual results versus the anticipated performance.
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8 Main Findings, Contributions to Knowledge and Further Work
8.1 Introduction
The structure o f this dissertation was devised to analyse the potential of building ground 
energy systems in the UK by reviewing key country specific attributes which were 
investigated in three core chapters. Following this introduction the first two sections of this 
chapter cover the main findings and contributions to knowledge in each of these three 
chapters. The final section in this chapter summarises potential areas that either justify 
further research or require further confirmation in design guidance or published standards. 
Overall it has been demonstrated that the UK has particular characteristics necessitating a 
considered approach to the application of BGESs.
8.2 Main Findings
8.2.1 Geology and Hydrogeology Spatial Review
The geological and hydrogeological review highlighted the influence o f the anticipated 
thermal and aquifer properties found throughout the UK. The influence is significant due to 
varied geology and hydrogeology in the UK but also the mean average temperature in 
different locations.
The main bedrock type is sedimentary rock which, discounting the superficial deposits, 
covers 76.1% of the UK. Metamorphic rocks and igneous rocks are less common covering
14.6 and 9.3% respectively. There would seem to be limited potential for open loop 
systems with only 19.7% of the UK being underlain by pre-defined productive aquifers.
For vertical closed loop systems the key Ethology to consider in the UK is the bedrock; 
superficial deposits are not generally of significant depth to influence the thermal 
properties for a nominal 100m borehole. Using typical values the area averaged thermal 
conductivity is 2.7W/mK; for sedimentary rocks alone, this has been calculated to be 
2.4W/mK. Again using typical values, the area averaged volumetric capacity is 
2235kJ/m3.K, and for sedimentary rocks the value is 2232kJ/m3.K.
Apart from isolated high concentrations in the South West of England, the heat flux does 
not vary greatly throughout the UK. As a consequence the mean borehole temperature is 
generally led by the average annual air temperature. The average heat flux has been 
estimated to be 57mW/m2 and the thermal gradient, 2.1K/100m. Using feasible 
permutations of the heat flux and thermal gradient in the UK the calculated range in 
thermal gradient has been estimated to be 0.75 to 6.2K/100m, and the range in mean 
borehole temperature is 8.3 to 13.5°C. Using the average thermal conductivity, mean air 
temperature and heat flux the mean borehole temperature for the UK is 10.7°C.
The project analysis highlighted the need to consider the mean borehole temperature with 
significant variations being apparent in the required cumulative length and array footprint 
for each climate type analysed. However, the system size and configuration in different
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locations in the UK was also significantly led by the resulting thermal loads in the 
building. The three climate types used highlighted real differences in peak heating and 
cooling capacity and annual demands. This difference particularly affected closed loop 
systems where the sizing for the ground loop heat exchanger is inherently led by the 
energy demands of the building.
The literature review highlighted the fact that typical descriptors for bedrock such as 
sandstone and granite are not adequate to differentiate according to thermal properties; the 
values for thermal conductivity, in particular, can overlap and vary significantly. The 
project analysis highlighted the impact of this variation and underlined the need for an in- 
situ thermal response test (TRT). Apart from certain bedrocks where the referenced range 
for thermal conductivity was small and the typical value particularly low or high, e.g. 
meta-quartzite, the range in GLHE length and array footprint was not only large but 
overlapped the results for other bedrock types. This effectively makes the bedrock 
descriptor redundant without further confirmation on the exact mineral, cementation, 
porosity and saturation.
Using the feasible worst case and best case permutations of climate type, bedrock type, 
volumetric heat capacity and mean borehole temperature the range in vertical GLHE length 
for the case study was 2,110 to 11,970m with the required array footprint varying from 475 
to 4015m . Unfortunately, quotes were not obtained for installing such systems but there 
will be obvious cost implications for the different sized GLHEs.
For horizontal closed loop systems the superficial deposits and sedimentary rocks become 
more dominant covering 58% and 33% of the surface geology in the UK, respectively. 
Metamorphic, 5.5%, and igneous rocks, 3.7%, only outcrop a small percentage o f the 
remainder of the UK and in these cases trenching is not likely to be economically feasible 
due to the strength of the rock.
The results suggest that the temperature amplitude does not vary significantly throughout 
the UK. The most important temperature related consideration is therefore the mean annual 
air temperature. The undisturbed temperature in the near surface geology thereby varies 
depending on depth and thermal conductivity. To maintain similar performance and GLHE 
area deeper trenches are possible but there will be inevitable cost penalties for this. Similar 
heating and cooling loads are then unlikely unless additional passive measures or 
alternative approaches are used throughout the building. The thermal conductivity of the 
base mineral does not seem to make such a significant impact on the required length of 
GLHE, the saturation of the geomaterial and mean temperature have a greater effect.
For open loop systems five productive aquifers were identified in the UK. The most 
significant aquifers, in terms of area and potential yield, are the Chalk and the Permo- 
Triassic Sandstone. The aquifer properties vary between different aquifer types but more 
interestingly from region to region, and thereon within these regions. This affects the 
maximum heating and cooling capacity that is then possible. Because of this range there is 
an absolute need to conduct a site investigation early on in the design process. Whilst it
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seems that the calculated mean yield from the majority of the analysed aquifers could meet 
significant peak heating and cooling capacities in buildings, there is still a risk that a poor 
yield is then realised during a well pumping test. This seems to be particularly true of 
aquifers dominated by fracture flow such as the Chalk and the Jurassic Limestones. This 
range in potential is not so apparent in closed loop systems, particularly for vertical 
configurations. This is because the thermal conductivity and volumetric heat capacity is 
unlikely to be so low that the system is not economically feasible, although admittedly 
spatial limitations may still restrict the size of the GLHE. For open loop systems the effect 
of different heating and cooling annual loads was less significant only requiring the well 
spacing to be varied slightly to prevent thermal short circuiting.
For the building under analysis only two regions o f the 42 analysed aquifers could not 
meet the peak capacity o f the building. This was using the mean transmissivity for each 
area under review and assuming a drawdown of 10m. Using the lower quartile range for 
transmissivity this value increased to 17.
8.2.2 Design Case Studies 
Climate Change
Anticipated future climatic changes in the UK would appear to result in significant changes 
in heating and cooling requirements in buildings. The purpose of the analysis completed 
was to indicate by how much the case study building energy loads could change by and the 
potential impact on the sizing methodology for the BGES.
For conventional plant there is simply the need to ensure that any future changes in peak 
capacity can be met through the introduction of additional plant. This is unlikely to be 
onerous and only a small cost penalty will probably be necessary due to the low cost per 
kW for conventional plant. Due to the much higher cost o f BGESs the cost penalty is 
higher but perhaps more importantly, the sizing methodology of the ground side system is 
more strongly linked to the annual loads in the building. The impact differs depending on 
whether the configuration is closed or open loop and also on the initial and anticipated 
future energy loads.
For closed loop systems the validity of the sizing of the GLHE is based upon both the peak 
capacity and more importantly the heat abstraction and rejection to the ground, year on 
year. The three buildings under analysis with closed loop systems were initially heating 
dominated. Therefore, by reducing the net heat abstraction using future weather data files, 
versus the typically used files based on historical data, the GLHE performance was shown 
to improve in the analysed buildings. However, it is possible to deduce that if  the building 
has nearly balanced heating and cooling loads, or is indeed cooling dominated, the 
performance is likely to decrease. This is because, as the cooling load increases this will 
result in a much higher net heat rejection to the ground than initially simulated. This will 
then lead to higher GLHE temperatures during the cooling period, possibly outside the 
limits initially set during design using historical weather data files. Aside changes in the
Page 216
James Dickinson
net heat abstraction and rejection from the ground, variations in peak cooling load may 
also require increased plant capacity.
For open loop systems the impact is again linked to the peak capacity and energy exchange 
with the ground. Changes in the peak capacity may again lead to changes in main plant but 
also the required maximum sustainable yield possible from the well system and the 
respective licensing requirement. Well spacing is determined by analysing the potential for 
thermal short circuiting. Increasing the heat rejection to the groundwater could lead to 
higher abstraction temperatures as the thermal plume from the discharge well extends 
towards the abstraction well. This will reduce the performance o f the installed chilling 
plant or reversible heat pump.
Current simulations for both closed and open loop systems only seem to allow for the 
adoption of one set of annual heating and cooling loads. A useful additional feature o f such 
programs would be the ability to input a number o f differing energy loads year on year to 
reflect possible weather scenarios such as those published by the UK Climate Impact 
Programme and used in this dissertation.
Carbon Dioxide Projections
The carbon dioxide intensity of grid electricity is likely to change over the coming 
decades. The research conducted in this dissertation has shown that if  this does occur the 
ongoing carbon dioxide emissions and required minimum coefficient of performance of 
BGESs to realise a saving will reduce. Current carbon dioxide factors published in 
statutory documents such as the Building Regulations are static and do not allow for 
considered analysis for approaches with differing operational periods. Although the carbon 
dioxide factor is likely to be updated by government agencies at certain intervals there is 
no indication that a dynamic projection will be made available. There would seem to be a 
strong justification to publish such dynamic projections for different scenarios that can be 
used by building designers to produce more tangible results for different technology 
options. Added to the uncertainty of grid decarbonisation is the incremental carbon factor 
for electricity throughout the day. Projections suggest that the incremental factor is likely 
to merge with the system average as carbon intensive plant currently used for marginal 
demands is replaced with more efficient combined cycle gas turbine (CCGT) plant.
Bivalent Systems
Hybrid or bivalent systems seem to be used in other countries due to imbalanced heating 
and cooling loads and the high cost of BGESs. Due to the possible provision of heating and 
cooling from BGESs an iterative approach is favoured to consider the net heat abstraction 
or rejection to the ground and utilisation factor in respective modes. For heating or cooling 
only systems utilisation analysis can be used to assess the base load and estimate the most 
cost effective sizing of higher cost plant.
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With closed loop BGESs the ground side system design is led by the required entry water 
temperature (EWT) for the heat pump plant to ensure safe and also preferential system 
performance. Peak loads in buildings can be particularly infrequent but software can still 
require that the EWT remains within a desirable range for the entirety o f operation. The 
simulations completed highlighted that increases in usable peak capacity with only small 
improvements in annual utilisation still result in significant increases in required GLHE 
length. Hence, it would seem there is the potential to run the BGES for a few hours outside 
the preferential performance range without considerably affecting the seasonal efficiency. 
This could be modelled to ensure that the refrigeration circuit is still protected by 
specifying absolute limits for the system with an agreed safety margin.
For open loop systems, the assessment highlighted the range in energy load possible 
according to the realised yield. Using such a method provides a basis to compare versus 
desktop data available for the site and to make judgement on the possible integration and 
utilisation of single and multi well systems.
A bivalent design approach for all buildings also seems particularly relevant in heating 
dominated applications where changes in climate will reduce peak heating loads therefore 
making some of the initial heating capacity redundant. This initially higher heating 
capacity should be covered using less capitally intensive plant. Added to this is the 
possibility of increasing building resilience to either breakdown in plant, supply or 
exposure to highly inflated fuel costs.
Energy price scenario analysis is justified due to observed fluctuations in the gas and 
electricity prices in the last 2 decades, particularly in the last 5 years. Although the 
discount rate had an impact on the economic case this was overshadowed by the impact o f 
the adopted energy price scenarios. This is certainly true for the period under question; 
extended analysis will inevitably lead to the discount rate having a greater impact as future 
savings are reduced accordingly. Regardless of the exact trend realised for each scenario 
the economic performance will improve if gas prices continue to increase relative to 
electricity. But conversely, the economic performance will fall if  electricity prices increase 
faster than gas; this has not however historically occurred. A minimum coefficient of 
performance must still be observed to realise this cost saving. Overall adopting the iterative 
economic bivalent analysis approach allows the cost to be estimated for the system to meet 
to certain load and carbon saving.
Regardless of the energy price scenarios used BGESs are currently more capitally intensive 
to install and hence there is a justification for bivalent economic assessment over the 
presumed lifetime of the BGES. This should take into account the difference between the 
bivalent BGES and a conventional equivalent.
The completion of the carbon abatement calculations highlighted significant ranges in the 
cost for abatement for each iteration and energy price scenario. This underlines the need 
for a more detailed analysis for systems and that a universal technology cost per kg CO2 
cannot be used. The approach is therefore a useful way to compare the rising marginal cost
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of carbon saving if  a similar approach is used for other technologies. Such a comparison 
could include limitations for each technology according to spatial and practical aspects of 
the building and site, and also any planning constraints.
8.2.3 Operational Case Studies
The operational case studies monitored provided an insight in to the micro performance, 
e.g. the instantaneous performance and flow temperatures in the ground and building 
systems. The studies also provided an overview of the macro seasonal performance of 
BGESs in the UK and also a system in the Netherlands where the climate was assumed to 
be similar. The systems monitored in the UK consistently underperformed versus the 
quoted performance in data published by respective heat pump manufacturers. No such 
data was available for the system monitored in the Netherlands.
One of the key issues identified was that the optimum flow rate through both the 
evaporator and condenser sides of the heat pump is not specified by manufacturers. Only a 
minimum flow rate is specified to protect the refrigerant circuit. All heat exchangers have 
an optimal flow rate regime to maximise heat transfer and meet required design 
temperatures. The research has also found the flow rate to be lower than the minimum rate 
thereby endangering the refrigeration circuit. Additionally, the flow rate has been found to 
be much higher than the specified minimum in 3 of the case studies. Although the optimum 
flow rate was not known, the performance results suggest the expected efficiency and flow 
temperature is not obtained because of this.
Otherwise other issues identified in the results were as follows:
® Buffer tank sizing appeared to be wrong, either being too small or high. This 
affected the run time and the ability to efficiently meet the target temperature 
(apparent in 3 case studies)
© Incorrect underfloor heating installation leading to additional carbon intensive and 
costly electric heaters being installed (1 case study)
© Difficulty in engaging a suitable maintenance and servicing contractor thereby 
leading to long periods of system down time (2 case studies)
© Lack of owner occupier knowledge so no day to day servicing or optimisation can 
completed (2 case studies)
© Part load efficiency of the heat pump is important as the plant is likely to spend 
significant periods below peak load (1 case study)
© The performance of the Aquifer thermal energy storage system appears to be 
particularly good in cooling mode but improved performance in heating mode is 
still inherently linked to flow regime and operation (1 case study)
The lack of monitoring identified in the literature review supports a general reluctance to 
measure the performance of buildings. Few building studies have been completed in the 
UK; previous research that has been completed suggests buildings are underperforming
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versus there intended targets (Bordass et al, 2001; Pegg et ah, 2007). This would also seem 
to be the case with BGESs. The results presented in this dissertation show seasonal 
performance factors to be below manufacturer’s data. This is currently the only data that 
designers have to analyse the specific application to a certain building. Manufacturer’s are 
required to test the heat plant performance according to international standards (BS EN, 
2007a; b; c; d) but the performance can still vary depending on the realised installation and 
system. There would, therefore, seem to be a justification to extend the current standards to 
ensure best practice during design, commissioning and operation.
8.2.4 Impact on Design and Construction Process
It seems clear that additional time is needed during the design process to allow for BGES 
option appraisals and feasibility studies to be completed. This is, in part, in accordance 
with work carried out by Cooke (2006) which stated that due to the complex nature of 
certain technologies extra time is needed for design teams to fully understand the 
integration and optimisation. For BGESs the additional time is largely due to the fact that a 
desktop geological and hydrogeological assessment must first be made of the site. This can 
often lead to the absolute requirement for site investigatory works to be completed. The 
design and client teams hence need to be aware of this, and it may mean that feasibility is 
started earlier in the procurement process, e.g. Stage B of the RIBA plan of work. This will 
enable the results of such works to be used during the detailed design process.
At the desktop stage there is a need to use available data to estimate the respective 
properties for closed and open loop systems. This dissertation has shown rule o f  thumb 
data from currently available literature to be significantly variable and should therefore be 
used with caution. Appropriate risk and mitigation procedures should be put in place prior 
to confirming with in-situ testing. Currently available data sets could be used to establish 
the range in system design that may be needed.
Following on from the initial feasibility report recommendations can be made for 
appropriate site investigations to confirm the in-situ properties. The early procurement of 
such assessments will ensure that the results are available during Stage D, the detailed 
design stage. Furthermore, the data can then improve cost certainty for the system for 
comparison versus other technologies where there is often less variability in different 
applications and locations. The sizing of the BGES can also then be completed more 
accurately to establish the most cost effective system to meet certain client or legislative 
requirements.
During detailed design further attention should be made to the optimisation o f not just the 
ground side system but also the heat pump plant and associated pumps, piping and buffer 
tanks.
Due to the apparent importance of ensuring system characteristics are realised in operation 
commissioning protocols should enable certain key attributes such as the flow and 
temperature regimes to be tested under part and full load conditions. This should then be 
checked at set intervals throughout the lifetime of the system.
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8.3 Contributions to Knowledge
The key contributions can now been summarised. This has been completed according to 
each of the core chapters of the dissertation initially.
Geological and Hydrogeological Spatial Analysis:
GIS has been used for the first time to spatially review the UK according to vertical and 
horizontal closed loop and open loop BGESs. This has initially been completed using 
generalised data from different data sources. The key findings and contributions to 
knowledge are as follows:
1. Vertical Closed Loop Systems:
a. The mean thermal conductivity has been calculated to be 2.7W/mK and the
• • • 3volumetric specific heat capacity, 2235kJ/m K.
b. The mean heat flux has been calculated to be 57mW/m whilst the average 
thermal gradient is 2.1K/100m.
c. For a 100m borehole the range in thermal gradient has been calculated to be
0.75 to 6.2KJ 100m and the range in mean borehole temperature is 8.3 to 
13.5°C. The mean borehole temperature has been calculated to be 10.7°C.
2. Horizontal closed loop systems:
a. The temperature amplitude is unlikely to vary with location so the mean 
annual air temperature is the most important value.
b. Aside the mean temperature, the saturation of the soil or bedrock is likely to 
be more important than the thermal conductivity of the base mineral of the 
geomaterial.
3. Open loop systems:
a. It has been calculated that only 19.7% of the UK is underlain by productive 
aquifers and this severely limits the application of open loop systems.
b. Due to the inherent range in yield potential from different aquifers, regions 
and sub-regions the maximum heating and cooling capacity is extremely 
variable. This is particularly true of aquifers dominated by fissure flow 
including Chalk and the Jurassic Limestones.
4. General Contributions
a. Due to the range in thermal and aquifer properties at the desktop stage, 
worst case analysis is crucial prior to site investigation work
b. Aside differences in the geology and hydrogeology differences in the 
heating and cooling requirement for buildings throughout the UK will make 
a significant impact on the sizing of the ground side system.
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Design Case Studies:
1. Due to climatic changes anticipated in the UK BGESs must be simulated 
accordingly. This is particularly relevant for BGESs as the ground side system is 
necessarily modelled using predictions of future heating and cooling loads as well 
as peak capacity. The impact will more onerous for initially near balanced or 
cooling dominated loads when the BGES design has been simulated using 
historical weather data files. For closed loop systems increased borehole 
temperatures will be realised. For open loop systems there is a risk o f thermal 
breakthrough between the abstraction and discharge wells.
2. Dynamic carbon dioxide projections are more useful than static intensities for 
electricity to ensure that buildings that become operational at different times are 
more accurately assessed. Additionally, different scenarios should be used as 
decarbonisation of the grid has not yet occurred and minimum performance levels 
must be respectively realised. Such projections would be useful to compare a range 
of technologies and approaches with different assumed lifecycles.
3. Due to anticipated continuing changes in electricity and gas prices, respective 
future scenarios should be used to analyse a range of outcomes for BGESs. This 
would aid decision making by building procurement teams.
4. Bivalent analysis offers a way to analyse the most cost effective system. For 
heating and cooling closed loop systems the net heat abstraction or rejection leads 
the GLHE design. Therefore, typical heating or cooling utilisation analysis cannot 
be completed. For open loop systems, the analysis provides a basis for assessing the 
risk associated with not achieving the desired yield and the utilisation for single or 
multi well systems.
5. Using the net present cost method the marginal cost for different iterations of 
bivalent systems can vary significantly. Therefore, a generic cost per kg o f carbon 
dioxide saved should not be assigned.
Operational Case Studies
Particular problems have been identified with the four BGESs analysed leading to the 
performance of the systems monitored generally being much lower than stated in 
manufacturer’s literature. In some instances this has led to the BGES to be less cost 
effective and release more carbon emissions than a conventional gas heating system. The 
key problems identified and short falls in design and operation can be summarised as 
folios:
1. The flow rates measured at three of the sites were found to be significantly different 
from the minimum rates specified by the manufacturers of heat pumps. Respective 
standards do not currently request the optimum flow rate to be specified by 
manufacturers.
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2. Periphery plant such as buffer tanks have been found to be sized incorrectly and 
guidance and standards should reflect this to prevent systems underperforming
3. Building owners and occupiers were found in two instances to be having difficulty 
engaging suitably qualified engineers to service and maintain the BGES. Due to the 
still marginal application of the BGESs in the UK a maintenance and service 
contract should therefore be organised during procurement o f the initial system. A 
framework contract with a number of suitable companies would protect against the 
possibility of a single company no longer trading.
Overall
The final contribution to knowledge relates to methodological learning; following the 
completion of work in the three key chapters, a combined framework for analysis has been 
completed and presented. The thesis has taken into account the three main methodological 
phases and identified those parameters and processes that are most relevant to the 
application of BGESs in the UK.
8.4 Further Work
From the work contained in this dissertation that there are a number of opportunities to 
further research, these are summarised as follows:
© Gathering of thermal properties data from different UK Ethologies using a
standardised approach. This should be translated to a database maintained by the 
British Geological Survey for borehole and well investigations.
© A best practice design guide should be made available aligned to the RIBA stages 
of work. This would advise building design teams, particularly building services 
engineers on what considerations should be made and actions triggered at different 
stages during the design process. A 60page guide has already been written and 
issued internally within the host company.
© Verification and consequent publication o f dynamic carbon dioxide projections in 
the next revision of Part L to enable designers to more accurately assess carbon 
savings.
© Addition of a social cost of carbon to the economic assessment to internalise the 
carbon emissions of both the BGES and conventional equivalent.
© Further development of available software programs to allow differences in climate 
change related energy loads to be modelled and short term fluctuations in GLHE 
performances for infrequent loads.
© Development of a new improved set of standards that require manufacturer’s to 
specify the optimum flow rate through both evaporator and condenser sides of the 
heat pump.
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© Development of a software program to analyse the relative marginal cost of carbon 
abatement of differing technologies for a particular building.
8.5 Chapter Summary
The research project has developed an understanding of Building Ground Energy Systems 
and their potential for contributing to carbon saving in the UK. In particular this 
dissertation has shown that:
1. The influence of geology and hydrogeology will a large impact on the potential of 
systems in the UK and in the absence of more accurate desktop thermal and 
hydrogeological databases, in-situ testing should be carried out prior to detailed 
design. The influence of different climates in the UK and consequent calculated 
heating and cooling loads on the ground side will heavily influence the cost 
effectiveness.
2. The important aspects to account for during design include future changes in 
climate, carbon factors for electricity, sizing philosophy and fuel costs.
3. BGESs do not seem to be operating to the performance levels as suggested by 
manufacturers of the heat pump plant. In the case studies analysed this was linked 
to poor system design and commissioning.
As well as these findings a key output has been the drafting of a design and procurement 
guide. This is to be initially used internally but with the intention to publish externally in 
due course.
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Appendix I. Conference and Journal Papers
The following conference and journal papers have been accepted for publication. These are 
shown in this appendix.
1. Geotechnique
Dickinson, J., Buik, N., Matthews, M. & Snijders, A. (2008). Aquifer Thermal 
Energy Storage: Theoretical and Operational Analysis, Geotechnique 59, No. 3, 
pg249-260
This was issued in conjunction with the symposium: Thermal Characteristics of the 
Ground organised by Geotechnique and the Institution of Civil engineers on the 18th of 
May, 2009.
2. Energy. The International Journal
Dickinson J.S. Jackson T. Matthews M. Cripps AJ, 2009JThe Economic and 
Environmental Optimisation o f  Integrating Ground Source Energy Systems into 
Buildings, Energy the International Journal.
The paper has been accepted and at the time of writing was awaiting publication. The latest 
draft from Energy is shown.
A reduced paper was initially presented at the following peer reviewed conference:
Efficiency, Cost, Optimization, Simulation (ECOS) and Environmental Impact o f  
Energy Systems, 20th International Conference - Padova, Italy June 25-28.
Following presentation at the conference the paper was recommended for publication in 
Energy, Int.J.
3. Heat Pump 2008. Zurich. Switzerland (Conference Paper)
Dickinson, J. S., Jackson, T., Cripps, A., Matthews., M., (2008). Analysing the Economic 
and Carbon Dioxide Reduction Viability o f  GSHPS in the UK into the Future. 9th 
International IEA Heat Pump Conference, Zurich, Switzerland 19-23rd May 2008.
The above conference paper was also presented at the Eng.D. Conference on the 1st of 
June 2008.
4. Building Sustainable Design Renewables Conference 2009
Invited as Technical Speaker for Ground Energy Systems at Building Sustainable Design 
Renewables Conference, 30th March 2009.
Title of Presentation: Overcoming Site and Project Specific Limitations through Innovative 
and Cost Effective GSHP Technologies.
Slides are shown.
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Appendix II. Other Achievements and Courses Completed
Diploma in Environmental Systems Analysis
Completed and passed Diploma in Environmental Systems Analysis from the Postgraduate 
School of industrial Ecology, Norwegian University of Science and Technology. Included 
two weeks of study in respective universities in Bratislava, Slovakia and Prague in the 
Czech Republic.
Regional IMECHE Committee work
Member of Thamesway Region Committee of the Institution o f Mechanical Engineers.
Wrote framework papers and/or helped organise the following debates:
© The Great Energy Debate, 2006 -  Reading University
© The Great Transport Debate, 2007 -  Reading University
© The Great Environmental Briefing, April 2008 -  Reading Town Hall
The author also became a Chartered Engineer with the Institution of Mechanical Engineers 
during 2008.
Within the Sponsor Company
© Acted as Senior Engineer for numerous projects, including building feasibility 
studies for low carbon technologies, simulation and design for ground energy 
systems.
© Completion of a 60 page Ground Energy Design and Procurement Guide initially 
for internal use.
© Contributed to “Ground Energy Patterns” publication for dissemination to 
architects and clients
© Presented seminars and workshops at Buro Happold offices around the UK
Supervision of Undergraduate Students
Co-supervised two final year projects for undergraduate students:
D.Chasen (MEng) 2007-2008, Classification System for a Closed Loop GSHP, 
School of Engineering, Surrey University.
J.Collins (BEng), Open Loop GSHP Design for a Dwelling, School of Engineering, 
Surrey University.
Both students passed their respective projects and courses.
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Appendix IV. Project Analysis 1: Kazmann and Whitehead 
(1980) Well Spacing
CT1
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2 0 %  p o r o sity
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E
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Appendix V. RIBA Plan of Work
RIBA Plan of W ork
Stage G 
T ender D ocum entation
Stage H 
T ender A ction
Stage C
O utline Proposals
Stage D
D etailed  Proposals
Stage J 
M obilisation  
L etting  o f  C ontract
Stage B
Strategic B riefing  P reparation  o f  S trategic B rie f
Stage K
C onstruction  to Practical C om pletion
Stage L 
A fter Practical C om pletion 
C ontract C om pletion  and Final Inspections
Stage A
A ppraisal Identification  o f  C lients R equirem ents 
and Procurem ent M ethod
Stage E 
Final Proposals
Stage F 
P roduction  Inform ation
O perational B uild ing
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Appendix VI. Design Case Study Additional Results
Climate Change Impacts
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Appendix VII. Design Case Study Additional Results
Carbon Projection Results
Building 1: M useum
Scenario
Carbon Savings
Conventional Gas vs GSHP System
Difference vs Building 
Regulations
Year 1 (kg) Cum. 20 Yrs (kg) Red. % Cum. (kg) Cum. %
BR 23,475 469,493 39.9% - 0.0%
SA 12,210 244,192 20.8% 225,301 19.2%
M£vsLC 18,301 488,827 41.6% 19,334 1.6%
M£vsMC 18,608 506,780 43.1% 37,287 3.2%
M£vsHC 19,032 547,340 46.6% 77,847 6.6%
M£vsMC Inc 12,596 464,273 39.5% 5,220 -0.4%
Building 2: Academ y
Scenario
Carbon Savings
Conventional Gas vs GSHP System
Difference vs Building 
Regulations
Year 1 (kg) Cum. 20 Yrs (kg) Red. % Cum. (kg) Cum. %
BR 85,828 1,716,557 43.8% 0.0%
SA 57,518 1,150,368 28.3% 566,189 15.4%
M£vsLC 62,621 1,695,800 43.2% 20,757 -0.6%
M£vsMC 62,878 1,733,483 44.3% 16,926 0.5%
M£vsHC 63,234 1,813,152 46.5% 96,595 2.7%
M£vsM'C Inc 30,558 1,574,521 39.8% 142,036 -4.0%
Building 3: Theatre
Scenario
Carbon Savings
Conventional Gas vs GSHP System
Difference vs Building 
Regulations
Year 1 (kg) Cum. 20 Yrs (kg) Red. % Cum. (kg) Cum. %
BR 62,610 1,252,193 45.1% - 0.0%
SA 43,738 874,759 30.3% 377,433 14.8%
M£vsLC 55,333 1,303,756 47.2% 51,563 2.1%
M£vsMC 55,918 1,336,290 48.6% 84,097 3.5%
M£vsHC 56,637 1,412,151 51.8% 159,959 6.6%
M£vsMC Inc 46,886 1,274,015 46.0% 21,822 0.9%
Building 4: College
Scenario
Carbon Savings
Conventional Gas vs GSHP System
Difference vs Building 
Regulations
Year 1 (kg) Cum. 20 Yrs (kg) Red. % Cum. (kg) Cum. %
BR 115,162 2,303,235 5 6 .3% - 0.0%
SA 126,511 2,530,215 51.7% - 226,981 4.6%
M£vsLC 120,374 2,283,756 56.7% - 19,478 0.5%
M£vsMC 120,064 2,265,670 57.2% - 37,565 0.9%
M£vsHC 119,637 2,224,808 58.3% - 78,427 2.0%
M£vsMC Inc 126,122 2,308,494 56.1% 5,259 -0.1%
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Appendix VIIL Design Case Study Additional Results
Bivalent Energy Results
a )
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Appendix IX. Design Case Study Additional Results
Bivalent Economic Results
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Appendix X. Design Case Study Additional Results
Carbon Abatement Results
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Appendix XL Operational Case Study Building 1 - Additional 
Results
Building 1 COP Profiles for Example Days Presented in Main Text
6 
5 
4
P  3W
2 
1 
0
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Time
BUILDING 1: COP Profile for Space Heating and DHW - October 3rd 2007
6.00
5.00
4.00
C 3.00 u
2.00
1.00 
0.00
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Time
BUILDING 1: COP Profile for Space Heating and DHW -  February 29th 2008
Space Heating COP 
+ DHW COP
Space Heating COP 
+ DHW COP
Page 246
James Dickinson Final Dissertation
* *
o
00:00 02:00 04:00 06:00
Space Heating COP 
+ DHW COP
3:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Time
BUILDING 1: COP Profile for Space Heating and DHW -  September 15th 2008
Additional Example Days fo r  Building 1 
December 17th 2007
02:00 04:00 , 06:00
E -20
-40
-60
Time
BUILDING 1: Data Profile - December 17th 2007
EST
 LST
LLT
ELT
Cl
C2
 C3
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Space Heating COP 
+ DHW COP
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Time
BUILDING 1: COP Profile for Space Heating and DHW -  December 17th 2007
8
7
6
2
0
0 105 15 20 25■5
M 35dC
— M 50dC
—'sir” M 60dC
X SH
03/10/2007
+ DHW
03/10/07
EST degC
BUILDING 1: Comparison versus Manufacturer’s Data (1) - COP versus Entry Source 
Temperature -  December 17th 2007
25000
£ 20000
15000
5000
100 15 20 255■5
-4—  M Heat LLT 35dC 
-«— M Heat LLT 50dC
— *—  M Heat LLT 60dC 
M Hec LLT 35dC
- - -a - - - M Elec LLT 50dC
- - - A- - - M Hec LLT 60dC
SH Heat 03/10/07 
x SH Elec 03/10/07 
+ DHW Heat 03/10/07 
x DHW Elec 03/10/07
ESTdegC
BUILDING 1: Comparison versus Manufacturer’s Data (2) - Space Heating Generation and 
Electricity versus Entry Source Temperature -  December 17th 2007
M ay 17th 2008
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T i m e
BUILDING 1: Data Profile -  May 17th 2008
6.00 
5.00
Space Heating COP 
+ DHW COP
00:00 02:00 04:00 06:00 !:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Time
BUILDING 1: COP Profile for Space Heating and DHW -  May 17th 2008
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3
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1
0
100 5 15 20 25
M 35dC 
M 50dC 
M 60dC
SH
03/10/2007
DHW
03/10/07
EST degC
BUILDING 1: Comparison versus Manufacturer’s Data (1) - COP versus Entry Source 
Temperature -  May 17th 2008
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25000
^ 20000
fcwaSs 15000
L
£  10000
5000
10 25•5 0 5 15 20
— ♦— M Heat LLT 35dC
M Heat LLT 50dC
-----A---- M Heat LLT 60dC
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M Elec LLT 50dC
- - -A- - M Elec LLT 60dC
+ SH Heat 03/10/07
X SH Elec 03/10/07
+ DHW Heat 03/10/07
X DHW Elec 03/10/07
ESTdegC
BUILDING 1: Comparison versus Manufacturer’s Data (2) - Space Heating Generation and 
Electricity versus Entry Source Temperature -  May 17th 2008
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Appendix XII. Operational Case Study Building 2: Additional 
Results
Building 2 COP Profiles for Example Days Presented in Main Text
Building 2: COP for Space Heating and DHW - September 11th 2007
6 
5 
4
S  3w
2 
1 
0
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Time
Space Heating COP 
+ DHW COP
BUILDING 2: COP Profile for Space Heating and DHW - September 11th 2007
Building 2: COP for Space Heating and DHW - February 27th 2008
6.00
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4.00 
C 3.00
2.00
1.00 
0.00
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Time
Space Heating COP 
+ DHW COP
BUILDING 2: COP Profile for Space Heating and DHW -  Febraury 27th 2008
Additional Example Days for Building 2 
December 4th 2007
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Building 2: Data Profile - December 4th 2007
H -20
-40
-60
Time
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 LST
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 Cl
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BUILDING 2: Data Profile -  December 4th 2007
Building 2: COP for Space heating and DHW - December 4th 2007
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00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Time
Space Heating COP 
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BUILDING 2: COP Profile for Space Heating and DHW -  December 4th 2007
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EST vs COP
7
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0
0 10 15•5 5 20
- M 35dC 
M 45dC 
M55dC
SH
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+ DHW 
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EST degC
BUILDING 2: Comparison versus Manufacturer’s Data (1) - COP versus Entry Source 
Temperature -  December 3rd 2007
EST vs Heat and Electrical Power
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BUILDING 2: Comparison versus Manufacturer’s Data (2) - Space Heating Generation and 
Electricity versus Entry Source Temperature -  December 3rd 2007
June 3rd 2008
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Building 2: Data Profile - June 3rd 2008
10:00 12:00
Time
BUILDING 2: Data Profile -  June 3rd 2008
Building 2: COP for Space Heating and DHW  - June 3rd 2008
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Space Heating COP 
+ DHW COP
BUILDING 2: COP Profile for Space Heating and DHW -  June 3rd 2008
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5 10
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Appendix XIII. Operational Case Study Building 3: Additional 
Results
Building 3 COP Profiles for Example Day Presented in Main Text
Building 3: COP for Space Heating - December 3rd 2007
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Building 3: COP for Space Heating - December 3rd 2008
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1. Introduction
This Engineering Doctorate (Eng.D.) programme with the University of Surrey 
and Buro Happold Ltd was started on the 7th March 2005. The project focus and 
initial scope was devised by the company and had been accepted following a 
number of alterations as requested by the Engineering Doctorate Executive 
Committee.
The following text is from the application form and briefly describes the 
technology and aims and objectives for the research:
“There are several w ays to use the ground  w ithin the energy system  o f  a building  
or group o f  buildings. These include sm all scale heat exchangers, deep level 
energy extraction to dry or w et heat reservoirs and  the inter-seasonal storage o f  
heat w ithin different levels o f  the ground.
The aim o f  the p ro jec t is to develop an understanding o f  these system s and  w hen  
they are m ost effective. It w ill review  and  analyse the variety o f  environm ental 
impacts both in the ground  and  above it, and  the w ays in which ground  energy  
can be in tegrated successfully into construction projects.
Benchm arking against existing construction pro jects can be used  to set 
quantifiable m easurem ents to compare perform ance against a num ber o f  
param eters. The m odel developed w ill then allow  retrospective analysis o f  
projects, as w ell as the setting  o f  perform ance standards fo r  p ro jec ts  in the 
fu ture.
The p ro jec t w ill use a com bination o f  case study w ork  and  offline research to 
develop analysis m ethods and  tools. These tools w ill need  to com bine expertise  
and  inputs fro m  the two main technical elem ents involved, nam ely ground  
engineering and  building energy, and  also a range o f  po ten tia l environm ental 
impacts that the system s could  have. This integration across the ground  energy  
discipline boundary is unusual, as these groups do not norm ally w ork  closely  
together.
The tools developed w ill be tested  on p a s t p ro jec ts and  current design work, to 
understand their effectiveness. D ifferent levels o f  sophistication w ill be needed  
fo r  different p ro jec t phases. A t the early stages the basic fea s ib ility  o f  the idea  
needs to be tested; later the details o f  im plem entation a n d  p o ten tia l  
environm ental impacts need  to be evaluated.
Case studies are always selected  fro m  those that are possib le  to be involved  with, 
but w ithin this sam ple a range w ill be fo u n d  that cover different aspects o f  the 
overall challenge. This w ould  therefore seek  to include (for example) sm a ll a n d
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large scale, urban /  rural, different geological systems, and  other param eters to 
be established. ”
It was accepted at the start that the aspirations for the research may be 
reconsidered following the literature review and then further refined during the 
first two years of the research.
By necessity of this Eng.D programme, the project must be deemed to be or 
related to “Environmental technology”. The positioning of the technology with 
relation to this was further detailed in the application but is briefly outlined as 
follows:
© The technology has the potential to reduce the carbon emissions relating 
to the heating and cooling of buildings, although to what exact extent is 
unknown at the present time
© There are unknown environmental impacts to the ground that are not 
properly understood, such as:
o the possible contamination of groundwater
o changes in the behaviour of dissolved salts in groundwater due to 
temperature variations
o the impact on plant growth due to temperature variations
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2. The Host Company: Buro Happold Ltd
2.1. Overview
Buro Happold is an international multi-discipline consultancy with a varied 
portfolio of work in the construction industry. The company’s main work stream 
is structural and building services design with a range of other complimentary 
services such as fire engineering, master-planning, ground engineering and 
transportation. However, the company also has a strong focus on research and 
development and has a number of other PhD or Eng.D students working on 
research projects either directly related to the company’s current or potential 
portfolio of work, or concentrating on the business environment in general.
2.2. Existing Knowledge and Experience within the Company
An investigation was carried out to ascertain to what extent the technology had 
been either used or at least considered in the past and with current projects. This 
was done primarily to ascertain the knowledge base that could be drawn upon 
and also the potential for further project work in this field. Although the main 
focus for the research has not been finalised there will potentially be a need to 
monitor some aspect of the design, installation or post-installation process over 
the next few years. Hence, it was deemed important to integrate into the 
respective project teams from an early stage to firstly understand the initial 
decision making process and provide support to ensure that, where appropriate, 
the technology is fully considered.
It seems, following discussions with building services engineers in offices 
throughout the UK that although the concept of the technology is known in its 
basic form there is very little experience of detailed design or application in this 
country. Buro Happold do, however, have an office in New York and due to the 
more widespread application of the technology in the USA they have been 
involved with a number of projects that have been installed. Whilst this may 
provide some generic information on the subject, and the use of ground energy 
products within this country, there remains a requirement to observe the process 
in the UK.
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3. Progress
The initial 6 months has been spent working at Buro Happold’s office in London 
on actual company projects and also the literature review which is being 
submitted at the same time as this 6th Month Report. As I joined the course part 
way through the academic year it was decided after consultation with the 
university to delay starting the timetabled courses until September 2005. 
However, an induction day was held on the 5th of May which was designed to 
introduce new students who joined in similar circumstances part way through the 
year. Each student was asked to carry out a presentation of their respective 
projects; a copy of the authors’ slides is found within Appendix A.
3.1. Company Projects
During the first few weeks my time was spent working on a number of projects 
whilst not directly linked to the subject of Ground Energy they acted as a good 
way to investigate the host company and related areas of research. Such project 
work included contributing to the Draft Energy Framework for London’s now 
awarded 2012 Olympic Bid and ongoing reporting for a Biomass installation at 
the Eden Project in Cornwall.
After approximately a month of research it became possible to start collating 
design practice for ground energy installations and formulate a template for basic 
scoping and feasibility studies. Since then a number of the said reports have been 
completed, as described below. A generic report template is shown in Appendix 
B.
« Petchey Academy, London
Project Description:
New academy (school) for 1200 pupils in North London 
Involvement Level:
Twenty page report including a generic review of Ground Source Heat 
Pump (GSHP) technology, building services implications brief overview 
of existing geotechnical desktop study and possible implications to 
installation performance. The report did not include any sizing, costing or 
carbon saving information.
Outcome:
At the time the general building services design had progressed 
considerably and it was thought too late to consider the integration of a 
Ground Source system.
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© Langey Academy, Berkshire
Project Description:
New Academy School for 1100 pupils in West London 
Involvement Level:
Contributed to the stage D report in the form of basic sizing, costing and 
environmental related information for the integration of a GSHP system 
into the building services design.
Outcome:
Awaiting confirmation of funding prior to confirmation of final design 
© Guildford Civic Hall, Surrey 
Project Description:
New Civic Hall building 
Involvement Level:
Contributed to ongoing feasibility reporting to consider the adoption of a 
GSHP to provide heating and cooling to new civic hall building. An 
existing report had been carried out so my contribution was limited to 
reviewing and making comments regarding the appropriateness of the 
design strategy.
Outcome:
The project is currently moving towards planning approval with further 
design reviews expected in October 2005.
© Royal Shakespeare Theatre Refurbishment, Stratford Upon Avon
Project Description:
Building refurbishment including new building services 
Involvement Level:
Completed and issued detailed report including geology review using 
data from the British Geological Survey (BGS) and existing Geotechnical 
Desk Study. A suggested GSHP system was provided along with costing 
estimations and potential carbon savings.
Outcome:
The project is currently on hold although is expected to re-start in 
October 2005.
© Cynon Valley Primary Care Trust Hospital
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Project Description:
Buro Happold are the structural and building services engineers for a new 
hospital in South Wales
Involvement Level:
Completed and issued Ground Energy Scoping Study in addition to an 
Alternative Technology Report for the Stage 4 report. The report covered 
five different ground and surface water technologies, including GSHP’s 
(Closed Loop, Open and Mine-water sourced), Energy Piles and Surface 
Water Heat Pump’s (SWHP). Information provided included sizing 
specification, costing and carbon savings. Further recommendations were 
based on the perceived potential following a review of information from 
the BGS, Geotechnical team (ARUP), the Structural team (Buro 
Happold) and the Coal Authority.
Outcome:
Awaiting the next stage 
© AI Abdali Tower Block, Amman, Jordan
Project Description:
Buro Happold are the structural and building services engineers for a new 
tower block in a wider regeneration project in Amman.
Involvement Level:
Completed Scoping Study for a GSHP system, reviewing the potential 
considering the space limitations on the site and the high cooling demand.
Outcome: At the time of writing of this 6th Month Report, the study is 
awaiting internal review prior to being issued to the client for 
consideration, however the potential seems to be limited due to the 
limited space on site and the high cooling demand because of the climate 
and also due to the fact the building is to be 52 stories high.
3.2. Conferences and Visits
© GSHP Club Seminar. National Energy Foundation fNEFk Milton Keynes 
(12/05/051
This was a one day seminar to introduce the technology to people from a varied 
background such as consultants, researchers, and contractors. Key talks were 
given by contractors already practising and installing GSHP’s in the UK. An 
additional presentation was given by an experienced consultant/ professor from 
Lund University, Goran Hellstrom, who has worked in the subject field for over
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25 years and has been involved in many small and large scale installations 
throughout Scandinavia.
° Tri-annual International Energy Agency (IEAI Heat Pump Conference. 
Las Vegas (30/05/05-02/06/051
This was highlighted early on as an important conference to attend with detailed 
sessions, amongst others on Ground Source Heat Pumps, Worldwide Trends and 
State of the Art. The conference provided a good platform to establish market 
trends and current research programmes by various parties around the world. 
Contact was made with a number of research teams so as to build up 
relationships with key individuals that could aid development and knowledge 
awareness in the short term with the potential of collaboration, if deemed 
appropriate, for the main focus of the research.
° Visit to Lund University. Sweden (11-12/07/051
Two days were spent at the University of Lund. Professor Goran Hellstrom 
agreed to provide key text that the university has amassed over the last 25 years 
to aid the literature review of the subject area. Some of these documents are 
represented in the aforementioned document. A number of the University 
buildings already use GSHP’s to provide heating and cooling and a site visit was 
carried out to a new GSHP system that was currently being installed.
° Other Visits include:
o Bedzed; Zero fossil fuel energy and sustainable housing development 
in Beddington, South London
o Hockerton Sustainable Housing Project in Nottinghamshire
Although neither of the above projects included ground energy installations 
various other zero or low carbon approaches were represented so the visits were 
very useful in terms of gaining an initial insight into how these technologies are 
integrated.
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4. Next steps in research
A synopsis for the continued focus of the doctorate research is contained in the 
last section of the literature review. The initial title of the research was very 
broad in terms of the scope. As this report highlights the subject area covers 
many disciplines and also, some aspects of the technology are relatively mature. 
The literature review highlights the various “gaps” or potential for further work 
in the field of ground energy with a number of research questions. It is these 
questions which will be explored further in the next 6 months although a 
preference is put forward which is based on the authors own interests and 
perceived potential to provide a suitable platform for doctorate research.
In addition to a continued literature review to explore in more detail each 
research question a number of other activities are envisaged, as follows:
© To seek suitable company or organisation for a secondment 
placement.
Whilst Buro Happold provide a very good base for the project in general it is 
accepted that to gain more experience in the detailed design and installation of 
ground energy projects a secondment to a more specialist company or 
organisation would be highly beneficial. Tentative steps have been made to 
approach a number of companies but due to the project being in its early stages 
there is a difficulty in explaining how the host company could help and the 
relevant benefit to both parties, i.e. what will the company gain from the 
secondment and what will be the main focus of learning to aid the research 
programme.
© To forge further links to organisations
Contact has been made with the Building Research Establishment (BRE) and in 
particular Dr. Roger Hitchins who is a known leading expert in the UK on heat 
pumps, and also GSHP’s. An informal meeting took place on April 20th with Dr. 
Hitchins at Buro Happold’s office in London. This was designed to briefly 
discuss the Eng.D in general and the project outline. Dr. Hitchins was very 
interested in the project field and agreed to help further in the future although this 
would have to be limited to research work that did not have a commercial bias, 
i.e. BRE would not be able to contribute to actual projects that Buro Happold are 
commissioned engineers.
Dr. Hitchins stated that a DTI Sponsored Global Watch project is being planned 
for autumn or winter of this year. This would entail a group of UK professionals 
from varied backgrounds, including academic personnel, consultants and 
contractors, to visit a number of installations around Europe, and in particular 
Germany, Sweden and Norway. In June Dr. Hitchins invited the author to
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provide an argument for his inclusion on the trip. It is understood from recent 
correspondence that the trip has not been finalised as yet and hence is likely to be 
delayed until the early part of 2006.
It is envisaged that once the project becomes more defined the following 
organisations will be approached to firstly publicise the project more widely, but 
to also ascertain whether collaboration could take place where appropriate:
IG SH PA -  In ternational G round Source H eat P um p A ssociation
G SH PC  -  GSH P Club (UK)
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4 Recommendations and Conclusions
■4.1 S u m m ary  T able
4 .2  H ext s te p s
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Glossary
BIGE -  Building Integrated Ground Energy
CIBSE -  Chartered Institute of Building Services Engineers
COP -  Coefficient of Performance
EA -  Environment Agency
GSHP -  Ground Source Heat Pump (closed loop)
GWHP -  Ground Water Heat Pump (open loop)
SPF -  Seasonal Performance Factor - this is the equivalent coefficient of performance 
over one year of operation.
1. Introduction
This report details the progress made towards completing research into BIGE 
technologies. The title of the research is as follows:
Using the G round as P a rt o f  B uild ing Energy System s - Engineering, Environm ental 
and  Econom ic A spects
The aim of the project is to understand the application of BIGE systems in the UK 
using a series of case studies which are either being progressed by Buro Happold and, 
as necessary, completed by third parties.
There is potential for BIGE technologies to reduce CO2 in buildings. Considering the 
serious concerns regarding global warming and new Building Regulations that require 
significant reductions of this Green House Gas (GHG) in all new and larger 
refurbishment projects (ref) this has become the central focus of the research. A 
secondary concern is to investigate the perceived reduction in the cost of heating and 
cooling buildings as this must also be a significant driver in their subsequent adoption 
by the building industry.
The main short term objectives specified in the 6 month report and subsequent Annual 
Review were as follows:
6 Month Report 628/09/05")
O bjectives fo r  next 6 m onths
© Complete a more Detailed Research Proposal
© Seek a suitable company or organisation for a secondment
© Continue to forge links with other organisations
Annual Review f04/l 1/05)
O bjectives fo r  next 12 m onths 
© Continue module schedule 
© Develop and plan empirical work 
© Continue background literature review 
© Continue to forge links with relevant organisations 
© Prepare at least one conference paper
Section 2 reports on the progress made against these specific targets. Section 2.23 
reviews the modules completed to date whilst section 4 details the progression of 
industrial project work that has taken place over the last 6 months. Section 5 details 
any other relevant conferences and meetings over the same period. The final section 
provides a summary and reflection.
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2. Short Term Objectives
This section details progress made against objectives set both in the Six Month Report 
and Annual Review.
2.1. Six Month Review
Research Proposal
At the time of writing the proposal was near completion and due for submission in 
early April following a supervisors meeting on April 7th.
Secondment
Following a meeting with Aart Snijders from IFTech, a Dutch Company specialising 
in open and closed loop systems, a secondment is proposed for a two week period 
towards the end of April or early May. More details of this meeting are given in 
section 5.
Links with other organisations 
Building Research E stablishm ent (BRE)
Dialogue continues with Dr. Roger Hitchin regarding a Global Watch mission to study 
GSHP applications in other countries, such as Germany, Sweden and Norway, where 
BIGE systems have made more of an impact. At the time of writing the BRE were 
finalising the proposal to submit to the DTI.
GSH P Club
An email was sent to Gareth Ellis (National Energy Foundation and GSHP Club 
secretariat) outlining the present research proposal. This was hence forwarded on to all 
members in the club. To date only two responses have been received about possible 
projects to monitor. This needs to be assessed further by making direct contact with 
some of the members.
2.2. Annual Review Objectives
Continue Module Schedule
All compulsory modules have been attended and respective coursework completed. 
Please refer to section 3 for more details.
Develop and Plan Empirical Work
This is detailed further in the research proposal.
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Continue Background Literature Review
The literature review continues with papers being reviewed from all relevant sources. 
The most notable publications are shown below:
M odelling  GSH P System s in a B u ild ing  E nergy Sim ulation Program  (EnergyPlus) 
Authors: D aniel E. F isher and  Sim on J. Rees 
Proceedings fro m  B uild ing  Sim ulation Conference 2005.
This paper highlights the lack of detailed work carried out in the integration of 
Building Simulation and GSHP modelling software. Work was undertaken to combine 
the elements of a commercial vertical closed loop GSHP package with EnergyPlus, a 
building simulation engine released by the US Department of Energy. The simulation 
of ground source systems over long periods of time is needed as it is possible that the 
efficiency and capacity can decrease with higher relative heating or cooling loads.
To consider the system performance at the design stage of the case studies a 
methodical simulation or assessment tool will be required. Contact was made with Dr. 
Simon Rees (De Montford University) and following a number of email exchanges, 
outlining the research proposal, a meeting was held on the 23rd of March, 2006. 
Further details of this meeting are shown in section 5.
Energy Foundations and  Other Therm o-Active G round Structures
Author: H B ra n d i
G eotechnique Volume L V IN u m b er  2 -  M arch 2006.
This is a very detailed paper reviewing the theoretical and, through reference to a 
number of case studies, the empirical application of thermo active ground structures.
Continue to Forge Links with Relevant Organisations 
See section 2.1.
Prepare at least one conference paper
All 1st year students are required to prepare a poster for the Eng.D conference to be 
held at Brunei University on 6-7th of September 2006. As the author started 6 months 
earlier than the normal entry date it has been suggested that there maybe a possibility 
to present a paper instead. Discussions are ongoing with the relevant members of staff.
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3. Module Review
There are a number of compulsory modules that represent an essential element of the 
Eng.D programme. These must be attended and respective assignments completed and 
passed to a satisfactory level. The modules completed so far are reviewed below with 
an insight into how each subject area related to the core research work stream.
3.1. Academic Writing
This was a short course over 1.5 days to serve as an introduction to the style of 
academic writing. It is hoped this will form a foundation for all formal research 
submissions over the remainder of the Eng.D.
No assignment was set for this module.
3.2. Social Research
L ead  lecturer: Kate Burningham
Overview
The main topics covered dealt with the various methods and approaches of social 
research and the arguments often considered when trying to formulate decisions based 
on qualitative and quantitative data.
Relevance to Research
The exact relevance is not entirely known to this point as the research path remains 
largely of a technical nature. However, it is important to remain aware of the influence 
of, and need to consult stakeholder groups during the construction process. The advent 
of new approaches and technology can often be misconceived within different parts of 
society as information is not reported in a balanced manner. The application of BIGE 
systems does not seem to be a particular controversial issue although there remains a 
strong case for further social research to investigate why new methods are not always 
adopted within a certain time frame. This is especially the case with BIGE systems 
where it is evident the technology is very popular in other countries but not as yet in 
the UK. A number of the reasons maybe of an engineering or economic nature but the 
take up could also be attributed to softer issues such as a conservative construction 
industry not willing to accept new design philosophies or simply a general lack of 
awareness.
Assignment Grade 
63% (Pass)
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3.3. Environmental Science and Society
Lead Lecturer: Jonathan Chenoworth
Overview
The module was conducted at Surrey and provided both a broad and, with the use of a 
number of more focussed case studies, a detailed review of the link between 
environmental science, society and culture.
Relevance
Although interesting throughout the module remained more socially focussed. The 
assignment allowed further exploration of more technical issues but it was difficult to 
interlink with the main body of research.
Assignment Grade 
69% (Pass)
3.4. Sustainable Development
Lead Lecturer: Roland Clift
Overview
The module provided a background to sustainable development including keynote 
reports and papers, and a review of the development of respective national, European 
and worldwide legislation. Thermodynamic principles were applied to explain the fine 
balance of resource use and depletion and the overriding level of scientific opinion 
concerning the reasons behind global warming.
Relevance
The course provided context and background material for the main body of research. 
Guest speakers provided examples of some of challenges of integrating the principles 
of sustainable development into industry and government. The drivers for 
technological change or a paradigm shift in society enhanced the argument for more 
sustainable approaches. BIGE systems offer the potential to reduce cumulative carbon 
dioxide emissions of buildings so there remains a strong driver to continue research in 
this area.
Assignment Grade 
55% (Pass)
3.5. Life Cycle Approaches
Lead Lecturer: Lorenc Mila i Canals
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Overview
This module introduced the theory of life cycle analysis (LCA) and other techniques 
and approaches to consider the cradle-to-grave impact of all aspects of society. 
Although it remains an expensive form of assessment, it promises to be an 
uncompromising and holistic tool to evaluate the environmental impact of a product or 
process.
Relevance
LCA has particular relevance to renewable energy or low carbon technologies, such as 
BIGE systems where there is a greater emphasise and focus on embodied energy, 
operational benefits and waste. The assignment allowed further exploration and 
application of LCA to the construction industry in general and BIGE. Although it was 
not possible to complete a LCA, a BIGE system framework was presented following a 
considered review of the typical characteristics of LCA in the construction industry 
and in the analysis of renewable energy technologies. No evidence was discovered for 
completed LCA in the BIGE field and hence it is highlighted as an area for further 
research with the framework providing a base for more detailed analysis. The 
completion of a LCA for BIGE systems would require an extensive study and it is 
accepted that it will not be able to complete a complete analysis within the time frame 
of this Eng.D. What is possible is a streamlined LCA concentrating on particular 
impact categories, e.g. CO2 , therefore reducing the man hours required to complete the 
process.
Assessment Grade 
68% (Pass)
3.6. Environmental Risk Assessment
Lead Lecturer: Gera Troisi
Overview
Lectures reviewed the concept of perceived hazards and risk associated with different 
forms of activity with particular relevance to ecology and humans.
Relevance
One of highlighted areas for further research was that of the potential to contaminate 
or to provide pathways for contaminants in the ground. Certain variants of BIGE 
systems pass water or other fluids containing certain additives either directly or 
through a closed piped network in the ground. There is a perceived risk that either 
contaminants already present within upper strata at Brownfield sites or in the fluid 
itself could be transferred to other ecosystems or to humans. Environmental Risk
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Assessments seem to be an appropriate mechanism to explore the potential effects of 
BIGE installations and this should be approached as part of the research process.
Assessment Grade 
Presentation -  28/30 (Pass)
Assignment -  Completed 31/03/06, not assessed to date.
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4. Industrial Projects
The sixth month report summarised involvement on a number of building projects 
where ground energy systems were being considered. What follows is firstly a review 
of the status of these specific projects and then secondly, a summary of new schemes 
that are now being advanced.
4.1. Existing Projects
Petchev Academy
No further work has been carried out due to the late consideration of a BIGE system in 
the design process. This was at stage D. A further reason noted was that due to 
budgetary constraints it would not be possible to consider alternative technologies 
with higher perceived capital costs. The project has now progressed beyond stage D 
with a more conventional building services design.
Langley Academy 
Status
The project is now at stage E. The academy has been chosen to showcase a number of 
alternative technologies including a Biomass Boiler, Solar Thermal, Rainwater 
collection, Reed Beds, PV and Wind powered lighting and a GSHP system.
Update
At the feasibility stage two closed loop systems were suggested, a 300kW installation 
that would provide base load heating and cooling for the building, and a 40 kW system 
to provide heating to a particular zone in the school. A decision was made to install a 
Biomass Boiler to provide the base load heating due to the lower capital cost and the 
potential to provide a hot water service. A 45 kW vertical closed loop GSHP has been 
chosen to provide under floor heating to a sector of the building. Due to the size of the 
GSHP system it was not deemed economically viable to carry out in-situ testing. The 
approximate cost of such a test is £15,000 and the projected cost of the installed 
system, based on quotes gained from two specialist companies, is between £71,000 
and 80,000.
Planning and Authorisation
The Local Planning Authority was approached to enquire about planning requirements 
for a GSHP system. As the proposed system did not require any permanent external 
building work, other than the installation of equipment and plant within the main 
building, there was no objection. However, it was advised that authorisation would be 
required from the EA as they would normally be invited to comment on the complete
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application during the planning process. Contact was made with the local EA office 
and they advised that reference should be made to the following EA guidance 
document:
“Technical Aspects of Site Investigation Volume II - R&D Report p5-065/TR (EA, 
2000)”
On pages 116-117 a method for borehole construction through an aquiclude into an 
aquifer is described. The proposed site for the new academy is located over various 
different permeable and impermeable layers with the under laying chalk layer being of 
particular interest to the EA as it is a very important groundwater resource for the 
South East. Hence, any continuity between upper permeable layers with existing 
contamination, such as made ground or river terrace deposits, and the chalk aquifer 
must be prevented. The method advised suggests that Bentonite is used as a minimum 
between the two aquifers. This information will therefore be included in the tender 
specification for the GSHP system.
Procurement
The preferred procurement route is design and build with the Constructor Design 
package terminating on the heating supply and return side of the heat pump. Following 
discussions with the Buro Happold project leader this was thought to be most suitable 
method, minimising risk both to Buro Happold as the design team, and to the main 
contractor. Additionally, due to the perceived specialist nature of the technology in 
this country, transferring the detailed design to the GSHP contractor takes advantage 
of their previous experience. It is thought that once further experience is gained with 
BIGE technology that more of the design will be carried out by Buro Happold. This 
will allow the design team to increase its responsibility and control for the integrated 
design.
Guildford Civic Hall
This project is presently on hold and no further work has been carried out by the 
design team.
Royal Shakespeare Theatre 
Status
This project has just reached the end of Stage C.
Update
A previous desk study completed in August 2005 by the Research Engineer outlined 
the potential for a GSHP at the site. The local geology was thought suited to closed 
loop technology and the extra capital cost could be justified by the anticipated reduced
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operating costs and CO2 reduction. It was advised that prior to making a final decision 
a Ground Response Test was carried out to ascertain the exact in-situ parameters. This 
was due to the estimated size of the system and the possible savings that could be 
made by confirming and understanding the relevant parameters.
In-Situ Testing
The thermal test was carried out during January 2006 and the results, although 
highlighting slightly lower than expected results, showed that the ground conditions 
were favourable for a GSHP. The final depth of the test borehole was 117m. The 
testing procedure is further detailed in the test report completed by Groenholland, a 
specialist vertical closed loop company from Holland.
The most important parameter measured is the soil thermal conductivity. This reflects 
the rate of heat transfer and hence a high value denotes favourable conditions that 
allow a greater rate of transfer to and from the ground. The expected thermal 
conductivity, stated in the desk study, was 1.90 W/mK which concurred with the desk 
study estimate of 2.04 W/mK from the thermal test contractor. The actual test result of 
1.69 W/mK, whilst being detrimental to the performance, was not thought to be 
outside the limits acceptable for GSHP systems as advised by the specialist 
contractor,. The other test results, the soil thermal capacity and far field temperature, 
were also deemed to be acceptable for the installation of GSHP systems. No ground 
water flow was measured on site. Notable groundwater flow can enhance the 
performance of GSHP systems by recharging the ground.
Stage C Report
A report was completed by the author for the stage C submission that highlighted the 
salient conclusions of the testing and implications for the design as a whole including 
the size of the ground loop and potential capital costs, and carbon and operational 
reductions compared to more conventional technology being considered in parallel.
Modelling was completed by Buro Happold for the main theatre using IES. This 
provided the projected heating and cooling loads. It remains likely that the GSHP 
system will not be sized to cover the entire heating and cooling loads of the buildings 
as it is not deemed economically feasible to size the ground loop to the peak load. 
Instead the loop should be designed to maximise its operational use and minimise the 
relative capital cost per kWh of either heating or cooling delivered from this system.
Conventional or alternative plant will be required for heating and cooling during peak 
times. The proposed GSHP installation although sized to cover approximately 50% of 
the peak load will be able to deliver over 90% of the building total heating and cooling 
load over the year. The estimated heating and cooling profile for a 350 kW GSHP
system is shown in Figure 1 and Figure 2 respectively. The peak heating load is
1.1 MW and the peak cooling load is 400kW.
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Figure 1 GSHP Heating Profile
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Figure 2 GSHP Cooling Profile
It is noticeable on analysis o f the building thermal model that due to the higher heating 
than cooling demand there will be potential to partially or completely eliminate the 
conventional cooling plant.
Carbon Dioxide Emissions
Table 1 shows the potential reduction in carbon dioxide emissions with the installation 
o f a GSF1P system compared with a conventional installation.1
Table 1 Carbon Dioxide Emissions
1 The calculations are based on a carbon displacement factor o f 0.19 kg CCVkWh for 
gas. and 0.43 kg CCE/kWh for electricity (CIBSE Guide F).
—| □  GSHP □  Conventional —
n
(—i r~~i m  Cl I n  =  „
□  GSHP □  Conventional Plant
I.
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C 0 2 Emissions (kg /yr) Reduction (kg/yr)
Conventional (Heating -  Gas, Cooling -  Electric) 120,000
GSHP - with Peak Gas and Elec. Chillers 63,000 57,000 or 47.5%
Operational Savings
The 350kW GSHP system will offer reduced operational savings compared to a 
conventional system. Table 2 highlights the estimated operational savings per year. 
Two scenarios are presented for differing gas and electricity unit prices.
Table 2: Estimated Operational Savings
Fuel Cost per yr. Savings per yr.
Scenario 1: Gas -  £0.02/kWh Elec. - £0.05/kWh
Conventional (Heating-Gas, Cooling -  Electric)2 £ 12,750
GSHP (with Peak Gas and Elec. Chillers)3 £ 7,250 £5,500
Scenario 2: Gas -  £0.035/kWh Elec. - £0.06/kWh
Conventional (Heating-Gas, Cooling -  Electric)2 £21,000
GSHP (with Peak Gas and Elec. Chillers)3 £9.250 £11,750
The simple payback is a measure of the time taken to pay back the capital investment 
with reduced energy payments. The simple payback for the GSHP is likely to be 
between 30 and 40 years for Scenario 1 and 20-25 years for Scenario 2. It is likely that 
the GSHP installation will reduce the chilled water plant requirement and so further 
capital savings could be made. This would reduce the payback time to approximately 
12-17 years.
Stage D is likely to require further detailed design to confirm the correct design 
strategy and implications as outlined above.
Cvnon Valiev Primary Care Trust Hospital 
Status
This project is now at stage D.
Update
>y
Based on an efficiency of 85% for the conventional heating system and a coefficient 
of performance of 2.5 for the conventional cooling plant.
Based on a coefficient of performance of 4 for the GSHP system.
Following a design review exercise by the project team, it was decided to continue 
consideration of an energy pile or thermo-active foundation design for heating and 
cooling. This is to be in conjunction with a Biomass heating scheme.
The initial ground energy report completed suggested a closed loop system, i.e. 
vertical/ horizontal or energy pile, represented the lowest risk option. The capital 
investment estimation for a 300kW energy pile system was £187,750 versus £327,000 
for a similarly sized vertical closed loop system. Due to the week ground conditions 
the preliminary foundation design suggested that relatively deep piles, circa 22.5m 
would be needed. Approximately, 270 piles would be needed for the new hospital. The 
energy pile system is preferred at this stage although further consultation is required 
with the structural engineers to confirm the design and to consider the impacts and 
restrictions of using the concrete pile system as a heat sink and source.
Very crude estimations were made on the projected reduced operational and CO2 
emissions based on benchmarks figures obtained from CIBSE. It is envisaged that 
modelling will be completed to enable more detailed analysis similar to that carried 
out for the RST.
A1 Abdali Tower Block. Amman. Jordan
A very short report was completed for a new office tower. A vertical closed loop 
system was considered but due to the number of storeys, the climate, consequent high 
cooling load and lack of space it was not judged a suitable application for the 
technology. No further work has been completed to date.
4.2. New Projects
Garibaldi Mixed Use Development. Milan. Italy
Buro Happold are the lead Building Services engineers with support being provided 
by a local consultant in Milan with specialist knowledge in Open Loop Systems. The 
majority of the design is being carried out by this consultant but as part of an internal 
BH review process a report was completed to review the economic viability and 
carbon reduction potential.
The system will provide heating and cooling for 6 buildings; a mix of retail, offices 
and exhibition space. The GWHP was compared to a more conventional gas fired 
heating and electric cooling design to confirm the operational economic benefits and 
fully justify the additional capital investment. In addition, the consequent reduction in 
carbon dioxide emissions from the GWHP installation was also to be considered.
The estimated payback for the additional capital cost of €843,380 was less than 1 year. 
This was mainly attributed to the lower relative electricity prices compared to gas in 
Italy.
Holland Park Academy
The development also includes a housing scheme adjoining the site. At the time of 
writing no formal work had been completed although due to the location in London, 
and the underlying chalk aquifer, there would seem to be potential for an Open Loop 
System. Discussions are continuing with a number of queries regarding the availability 
and issuing of abstraction licences from the EA and the options for disposing the used 
groundwater. Portcullis House, a parliamentary building in Westminister, abstracts 
ground water from the underlying chalk aquifer for heating and cooling. Following 
this the water is used as grey water for toilet flushing and consequently sent to sewer. 
Although not confirmed, it would seem that rejecting to sewer, regardless of whether it 
has been utilised for other uses aside heating and cooling, is the preferred solution by 
the EA due to concerns of rising ground water in part of the London region.
The next stage will require a more detailed analysis to assess the scheme and confirm 
the restrictions and consequent implications of any restriction put in place by the EA 
or any other regulatory body.
Advanced Manufacturing Research Centre (AMRCI
An alternative technology report was completed for a newly proposed research facility 
in Sheffield comprising workshops, laboratories and offices. The main drivers for the 
consideration of sustainable technologies are:
© Yorkshire Forward, who are contributing £lm  towards sustainable 
technologies, want an “exceptionally outstanding” building that can be used as 
an example in future projects; and
© Rolls-Royce, again part sponsor for the new facility, would like to see an 
example of how renewable energy technologies can be integrated into a factory 
building for potential use on future projects; and
© The AMRC would like to minimise the running costs
In addition to these aspirations there are further regional and national requirements 
that must be considered such as local authority aims and the new building regulations.
The report concluded with a number of possible combinations that could provide all or 
the majority of the new facilities heating, cooling and electrical loads. These are as 
follows:
1. GSHP with solar thermal, large wind turbine and PV
2. Biomass heating with small wind turbine, solar thermal and PV
3. Biomass CHP, this should also be investigated further because of the potential 
benefits in terms of carbon reduction, operational savings and the opportunity 
to prove a highly innovative technology.
However, no energy modelling had been completed so it was difficult to consider the 
exact relative benefits or sizing of the respective technologies. A more detailed energy 
study, along with further passive design work was recommended. The report has been 
presented to the client and is awaiting progression to the next stage.
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5. Conferences/ Other Meetings
5.1. Conferences
GSHP Club -  One Day Seminar
This was very much an overview of ground energy technologies, including closed and 
open loop systems. Presentations were given by UK companies and organisations 
including ARUP, Geothermal International Ltd, Environment Agency, Fulcrum 
Consulting, Geoscience and Kensa Engineering.
Other Proposed Conferences
Ground coupled Energy Systems -  10th May 2006.
5.2. Meetings
Meeting with Aart Snijders (TFTech) and Andy Ford/ Funqaio Wang (Tulcrum 
Consulting) 20/03/06
IFTech are Dutch company specialising in closed and open loop systems. Over the last 
15 years they have also pioneered both aquifer and borehole thermal energy storage. 
IFTech are now in partnership with Fulcrum Consulting in the UK. Following a 
number of conversations with Aart Snijders, a meeting was arranged with Fulcrum 
also in attendance. Funqaio Wang is working with Fulcrum as part of a Knowledge 
Transfer Partnership (KTP) having specialised in modelling heat pump systems with 
Transys during his PhD.
During the meeting Aart Snijders invited both the author and Funqaio Wang to visit 
IFTech5 s office in Holland for a two week period in either April or May. Fulcrum 
agreed that they would be willing to exchange some of the knowledge they have 
gained so far although there would be limitations for commercial reasons. Aart 
Snijders also agreed that IFTech would be able to provide case studies to monitor in 
Holland for both Open and ATES.
The details of both the visit and case studies are to be discussed further.
Meeting with Simon Rees (Leicester De Montford University) 23/03/06.
The meeting was very much exploratory to review other work carried out by Dr. Rees 
both in his present role at Leicester De Montford and also as a Research Associate at 
University of Oklahoma.
The author's literature review was presented including the main research questions. 
Dr. Rees suggested that he would like to research further into the following areas:
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1. Integration of Ground Energy Systems with other renewable energy 
technologies to provide zero carbon electricity for circulation and heat pump 
units.
2. Hybrid Systems where simultaneous heating and cooling loads in a building or 
in a group of buildings are reviewed in more detail to reduce the heat pump 
load
3. The potential for passive cooling at certain times of the year when the coolth 
demand is low.
Both 1 and 2 were also highlighted in research question 7 in the Literature Review. 
The third possible area for research was to some extent considered by research 
questions 1 and 2 as there is still some uncertainty regarding the exact environmental 
benefits o f ground source systems especially in terms of the proposed carbon dioxide 
savings.
Dr. Rees also suggested that the method of procurement remains an interesting area to 
consider in more detail, i.e. at what stage to engage the specialist contractor, whether 
to follow a turnkey approach and the exact boundaries of the ground source package.
Regarding the operational monitoring Dr. Rees suggested that this should start from 
day one as to start monitoring the system at a later date would not take into account 
the undisturbed temperature and ground conditions. Additionally, if  the system 
performance is likely to degrade over time the effects may be exaggerated in the early 
periods of operation.
Non-obtrusive ultrasonic equipment is available that can measure the heat and coolth 
flow. This could be used to evaluate both the input and output into the heat pump.
Dr. Rees recommended that Energy Plus is used for building simulation especially for 
the integration of ground source models. He agreed that the user interface Design 
Builder would simplify the data input process and is the most advanced interface 
commercially available at the present time.
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6. Summary and Reflection
This section provides a reflection on the current projects that are being worked on and 
the questions that are being raised.
In-situ Testing
It would seem that due to the variation between the estimated and observed thermal 
conductivity carried out for the Royal Shakespeare Theatre that the thermal testing 
results justified the need to carry in-situ testing. Following conversations with 
Groenholland the variation attributed to the lack of suitably accurate desktop 
information that is available in the UK. It is thought that this reduction would require a 
cumulative increase in the size of the ground loop heat exchanger.
A number of questions remain following the outcome of the in-situ testing:
1. What are the benefits of carrying out in-situ testing in terms of increasing the 
long term efficiency of the system?
2. What would be the potential implications if  the testing was not carried out and 
the desk study figures were used for detailed design?
3. Considering the high cost of thermal testing for what sized systems is this 
advisable?
Sizing and Integration
Typically, at the early stages of design there is little information regarding the heating 
and cooling profile for the building and only the respective peak loads are available. 
Without this information it is difficult to firstly consider the size o f the BIGE system 
and secondly, calculate predicted operational and carbon savings. During the design 
process for Langley, Cynon Valley and RST it became evident that it would be 
economically prohibitive to size the ground loop heat exchanger to the estimated peak 
load. For the carbon emissions to be minimised using a BIGE system would 
necessitate sizing to peak load. However, to make it more economically feasible 
would it be more appropriate to size to the base load therefore minimising the capital 
costs whilst maximising the operational benefits.
Also, during detailed design for Langley Academy questions were raised regarding the 
best way to integrate the GSHP system into the building services design. BIGE 
systems, unless using a medium to high enthalpy resource, are suited to low 
temperature heating and high temperature cooling which conflicts with the majority of 
conventional distribution circuits.
Questions:
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1. What information is needed to optimise the design and how should it be used 
to size the system to maximise the long term operational benefits?
2. What are the best methods to integrate the BIGE system into building services 
designs, if  bivalent or stand alone?
Accurate Building Simulation and Integration with BIGE Software
Through meetings held with IFTech and Dr. Simon Rees and industrial project work it 
is apparent that there is a need for further research into the utilisation of building 
simulation software and also the integration of data from BIGE sizing tools.
Due to the lack o f design information that is available at the early stages o f design, 
such as Stage A-C, it is difficult to consider the size and optimisation. This was 
evident during Langley, Cynon Valley and RST.
Questions:
1. What software is most suited for a) the simulating the building load profile and 
b) the BIGE system at the early stages of design?
2. What is the most appropriate method for integrating data from the building 
simulation with data from the BIGE simulation software?
Carbon Dioxide Reduction
It is evident that any calculations would be wholly determined on the reported CO2 
emissions for the respective fuels. The generating mix in the UK is likely to change 
over the coming years. Although there is a general consensus that electricity 
generation will become less carbon intensive it is not known what the exact profile 
will be over the coming years. Additionally, assumptions are made about the COP and 
SPF of the system and it seems to be a lack of information regarding the projected 
efficiency of different configurations.
Questions:
1. What is the most likely or range of equivalent CO2 emissions from 
electricity generation up to 2050?
2. How accurate are the quoted COP and SPF assumptions? What can be 
done to improve the accuracy of the assumptions in the first instance 
and also the efficiency of the design?
Operational Savings
Recently, the UK has experienced increasing utility prices so Scenario 2 in the RST 
report seeks to consider higher gas and electricity rates. Higher relative gas increases 
are more likely as the supply from the North Sea diminishes further. As the gap
between gas and electricity prices reduces the installation of GSHP system versus 
conventional gas fired heating systems looks more favourable. This was particularly 
evident with the Garibaldi project in Italy where the unit price of electricity is actually 
lower than gas.
Questions:
1. To what extent do differing utility prices favour BIGE systems against 
other technologies, considering short and long term sensitivity 
analysis?
2. What are the life time costs of BIGE systems considering not only a 
variation in utility prices but also maintenance and plant replacement, 
and how do these compare with other alternatives?
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1 Introduction
This report summarises the progress towards the completion of research into the 
use of ground energy systems in the UK. The report is split into the following 
sections
Section 2 Objectives
A review is presented of the progress made to specific objectives as previously 
noted in the annual review and 12 month report. It should be noted that these are 
now aligned in terms of timing, i.e. this report is being submitted at the same time, 
and detail.
Section 3 Module Review
Only one module has been completed in the last six months. The Advanced 
Leadership Module was held in the Brecon Beacons in South Wales. No formal 
assessment was required for this module.
Section 4 Industrial Projects
I continue to be involved with a number of projects within Buro Happold which 
continue to offer an opportunity to research in to the design and procurement of 
ground energy systems in different scenarios.
Section 5 Conferences, visits and meetings
Only one conference o f note has been attended over the last 6 months. CIBSE held 
a one day conference on Ground Energy Systems. More information of this is 
given in section 5.1.
During August 3 days were spent visiting IF Technology in Holland. IF 
Technology are market leaders in open loop and ATES ground energy systems. 
Whilst the visit proved to be very useful from a general research point of view, a 
case study building was visited and data exchanged. This building although in 
Holland can still be used for the ongoing UK research focus due to the similar 
context and geology.
Section 6 Research Progress
This section provides an overview of the research proposal that was completed 
earlier in the year and progress in the setting up of a number o f case studies and a 
streamlined LCA into the life cycle carbon dioxide emissions o f BIGE systems.
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2 Objectives Overview
2.1 Annual Review Objectives
Objective 1: Continue Module Schedule
Only one module, Advanced Leadership, has been completed since the submission 
of the previous 6 month report.
At the time of writing the 12 month report the grades for the Environmental Risk 
Assessment module had not been released, theses are as follows:
Presentation: 28/30 - Written Assessment: 78% - Overall: 83%
A review of the Advanced Leadership module is given in section 3.1.
Objective 2: Develop and Plan Empirical Research Component
A 20 page Project Proposal document was completed in April 2006 to provide an 
outline of the research methodology. Whilst this was not detailed it did serve to 
provide a framework to start to link together the different tasks that will be needed 
to fulfil the research objectives. This is reviewed in more detail in section 6.
Objective 3: Start empirical work 
This is discussed in sections 6.
Objective 4: Continue Background Literature Review
This is ongoing with papers being continually sought from relevant conferences 
and journals. This will be collated as part of the 24month dissertation
Objective 5: Continue to forge links with relevant organisations 
Visit to IF  Technology Limited:
This is a Company based in the Netherlands specialising in ground energy 
technologies. They are market leaders in the design and optimisation of 
Underground Thermal Energy Storage (UTES). A short secondment was 
completed 30/08 -  01/09/2006. Further details are given in 5.1.
Ground Source Energy Systems (GSES): This is a newly proposed research 
organisation that is being setup by South Bank University with funding from the 
EPSRC. Contact has been made with the Graeme Maidment at SBU and the first 
meeting is TBC.
Objective 6: Prepare at least 1 Conference Paper -  Not Achieved
Eng.D. conference -  Extended abstract submitted and poster presented, see 
Appendix A.
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An agreement with a third party (IF Technology) is in place to present data and 
interpretation from GWHP/ ATES installation in Dordrecht. Possible Conferences 
include CIBSE/ ASHRAE/ Numerous General Renewable Energy. T.B.C. once 
detail o f paper is confirmed.
The new objective is to prepare and present at least 1 paper within the next 12 
months.
2.2 Continuing Objectives for the next 12 Months (TBC following Annual 
Review 11/10/06)
Objective 7: Complete Detailed Methodology
This is to follow on from the Outline Project Plan completed in May 2006. Further 
detailed methodology is required on how the empirical and theoretical work will 
specifically address the primary research question. This will be confirmed 
following completion o f  trial run at first case study.
Objective 8: Start and complete first Streamlined LCA on a simple closed loop 
BIGE system
An LCA proposal has been submitted to CES for discussion. Briefly, the proposal 
outlines the use of Gabi 4.0 software to conduct streamlined LCA for the main 
variations of BIGE systems. The LCA will focus on the CO2 related inputs and 
outputs only. Discussions are underway regarding the licensing and supervision 
aspects o f the LCA. The proposal is discussed further in 6.3.
Objective 9: Start monitoring for all case studies
At least lyear of operation is required for monitoring so it is important that the 
monitoring is started as soon as possible.
Objective 11: Prepare and submit Journal Paper
The journal is yet to be confirmed but research is being carried out by Dr. Marcus 
Matthews in to possible geology/ hydrogeology journal that may be appropriate.
The submission may follow on from the conference paper as discussed in 
Objective 6.
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3 Module Review
3.1 Advanced Leadership: 07-11/08/2006
The individual objectives for this course whilst not been directly linked to the 
technical or contextual content of the main body of research were no less important 
in helping to achieve the overall aim.
Having previously worked in Project Management I was reasonably comfortable 
with leading multidiscipline teams although I felt my ability to manage technical 
problems and consequent solutions in a methodical manner could be improved. In 
addition my respective supervisors thought it would be useful for the aims of the 
research to improve my capability to manage individuals and organisations that I 
personally did not have direct control over.
These objectives were reviewed by the course leaders at the start o f the week. I was 
able to practise different techniques in both managing teams and also influencing 
team decisions when not in direct control of a group. I believe that the week was 
very useful in improving my ability in both areas.
No formal assessment was completed during the week.
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4 Industrial Projects
I continue to be involved in a number of company projects, as detailed below.
Project Name: Royal Shakespeare Theatre. Stratford-upon-Avon
Project Status: RIBA Stage D Thermal Conductivity Testing Completed in January 
2005. Results confirmed feasibility desk study that conditions were suitable for a 
closed loop GSHP system
Contribution: Tender Specification and Review for Thermal Conductivity Testing 
Procurement. Calculations have been completed using GLHEPro1 software on 
borehole field capacity and operational savings and CO2 reduction versus 
conventional scheme. I also organised workshop with potential contractor on 
integration of GSHP to overcome lack of awareness of technology amongst 
building services engineers working on the project.
Stockport Academy
Project Status'. Approaching the completion o f RIBA Stage D.
Contribution: Completed draft BS schematic of bivalent system. Ongoing work 
will include the overseeing the contractor design with parallel calculations using 
GLHEPro and bespoke spreadsheets to review the potential operational savings 
and CO2 reduction through the integration of the technology.
Hengrove Academy:
Status: RIBA Stage D, Decision was made to not go ahead with GSHP due to 
reduced funding for the project.
Contribution: Design calculations to optimise the sizing of a bivalent closed loop 
GSHP system. The optimisation included reviewing marginal benefit analysis on 
increasing the size on operational savings and CO2 reduction versus Capital Cost.
Kazakhstan Entertainment Centre:
Project Status'. Concept Stage for GWHP/ ATES scheme
Contribution: Initial scoping study for the integration o f low carbon technologies 
into conventional scheme. Ongoing work includes liaising with a specialist to 
establish the suitability o f the geology and hydrogeology whilst optimising the 
integration of the BIGE system into the overall scheme.
1 GLHEPro: Closed Loop BIGE sizing tool donated by the Oklahoma University. 
GLHEPro is commercially available. The simulated results include power 
consumption by the heat pump,
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5 Conferences, Visits and Meetings
5.1 CIBSE Conference -  Ground Source Energy Systems (10/05/06)
This conference was organised by CIBSE and South Bank University to showcase 
Ground Source Energy Systems. Presentations were given by a number of 
organisations and companies, the most interesting and relevant presentations were:
Environment Agency; The EA outlined the legislation and regulations that are 
being formulated in response to the increase of inquiries regarding the installation 
of BIGE systems. The EA have outlined the following draft guidance but 
installations will remain to be reviewed on a project by project basis. The Agency 
has five main areas of concern with respect to GHP systems:
1. Risk of underground pipes/boreholes creating undesirable hydraulic 
connections between different water bearing strata, (with reference to 
CLOSED and OPEN loop systems)
2. Undesirable temperature changes in the aquifer that may result from the 
operation of Geothermal Heat Pump’s. (CLOSED/OPEN)
3. Pollution of groundwater that might occur from leakage of additive 
chemicals used in these systems. (CLOSED/OPEN)
4. Pollution of groundwater that might occur from planned discharges of heat 
pump fluid that may contain additive chemicals. (OPEN ONLY)
5. The potential impact that groundwater abstraction for Geothermal Heat 
Pump’s may have on other users of groundwater or surface water. (OPEN 
ONLY)
IF Technology; Overview of ATES technology and success rate in Holland over 
the last 15 years.
Rosemary Rawlings (BSRIA); Overview of BIGE systems in the UK.
5.2 IF Technology Ltd, Holland (29/09/06 -  01/10/06)
This visit was arranged through correspondence with the president o f the said 
company, Aart Snijders.
The objectives of the visit were:
© To give an introduction to open loop ground energy technologies and 
UTES, in particular ATES which has potential in the UK2.
© To visit an example 200kW ATES installation in Dordrecht
2 The first ATES scheme has just been completed in London to provide heating and 
cooling to the Westway Homes development.
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© Analysis of monitoring techniques used for Ground water heating and 
cooling installations
One of the outcomes o f the visit was an agreement to monitor the project in 
Dordrecht. The project is a three storey office building with an internal floor area 
of 5,000m . The geology and hydrogeology is not dissimilar to certain locations in 
the UK so the monitoring is justified. UK variables, such as utility prices and grid 
electricity carbon intensity, can be used to review the “performance” in this 
country. IF Technology agreed that performance data could be used for a 
conference paper presentation in the next 6 months. Furthermore, if  appropriate, a 
magazine or journal publication could be submitted in the next 12 months.
A second secondment is planned for 02-04/10/2006 to visit a much larger 20MW 
installation at Eindhoven University. Depending on the complexity of the 
installation and the availability of ongoing performance data a decision may be 
made to monitor this site also.
IF Technology are contributing to IE A Energy Conservation through Energy 
Storage (ECES) Annex 20, “Sustainable Cooling with Thermal Energy Storage 
It was proposed that monitoring data and analysis from the above projects could be 
contributed if the data and format required were not too onerous and the aims and 
objectives remained similar to the main body of the Eng.D, research.
The operating agents for the project are Qukurova University, Turkey and Nagoya 
University in Japan. The main aim is to follow a project oriented approach for the 
optimized integration of TES in cooling systems by demonstrating their application 
and evaluating the sustainability, both in terms o f energy saving and CO2 emission 
reduction.
The objectives are to:
© Advance the prospects of cooling with TES systems.
© Technology development (short-term, long-term, alternative combinations 
of short-term with long-term TES utilizing renewable/natural energy).
© Establishment of design method (evaluation of design tools)
© Feasibility studies
© Demonstration projects
© Information Dissemination and Technology Transfer within participating 
countries and to other countries (including non-Member countries).
The time scales for the annex are as follows:
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Phase 1: January-Jun 2006
Collecting information on advanced and sustainable cooling systems with 
TES
Choose applications of TES to be evaluated
Discuss the method for evaluation and the performance indexes
Workshop and Expert Meeting
Phase 2: July -  December 2006
Evaluation of actual projects in participating countries
Collecting information on the design manuals/tools and operating manuals
Workshop and Expert Meeting
Phase 3: January -  Jun 2007
Evaluation of actual projects in participating countries (continuation)
■ Collecting information on the design manuals/tools and operating manual 
(continuation)
Define the application and condition for investigating the design manual 
and tools
Workshop and Expert Meeting
Phase 4: July -  December 2007
Execution of several design tools for the defined application
Making the summary for competition
Final report and dissemination of results
Final Workshop and Expert Meeting
The proposed contribution from the Eng.D. project will be to contribute 
performance data of the ATES system from either Dordrecht or at Eindhoven 
University, or indeed from other proposed case studies in the UK. At the time of 
writing no confirmation was available from the Operating Agent on the exact 
progress of the Annex as IF Technology had not received any correspondence in 
the last 2 months. It is thought that the annex is at least 6 months behind schedule. 
Taking this into account it would seem that the performance data should be made 
available by the end of 2007. The exact format for the data has not been confirmed.
The immediate objective will be to gain confirmation from the organising 
committee that the Annex is still live and secondly, to assess the suitability of the 
projects in Holland in being able to meet the criteria of the Annex. It is proposed 
that a short overview o f the Dordrecht, Eindhoven and other Eng.D. installations in
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the UK is presented to the organising committee, including a list o f the data 
streams that have or can be collected relatively easily, e.g. without excessive 
labour, financial resource or diversion from the objectives of the Eng.D.
Following on from confirmation of the data and format required from the IEA 
Annex, information from the respective case studies will continue to be collected in 
accordance with both the objectives of the Eng.D. and the IEA project.
5.3 Internal Presentations and Workshops
Ground Engineering (GE) Presentations (31/05/06 and 16/06/061
I was asked to present an overview of BIGE systems to GE departments in Buro 
Happold’s Bath (16/06/06) and London (31/05/06) offices. The main outcome from 
the discussions was that there is scope to gather more information during a 
conventional site investigation (SI) to feed into a feasibility study for BIGE 
systems. The advantage of this is that STs are usually carried out in the early stages 
of a project, i.e. at RIBA Stage A or B, which is before the building services team 
have started to input into the design. Additionally, communication between the two 
disciplines is unusual as Si’s are generally designed to feed into the structural and 
architectural design. The main drivers for this communication are:
© To increase the accuracy of the initial feasibility study with bespoke input 
from the GE team,
© Identification of any regulatory issues from the early stages, e.g. 
contaminated land issues that could restrict the BIGE design options,
© To reduce the cost of further bespoke BIGE in-situ testing, large percentage 
of testing (thermal and open well test) is mobilisation of drilling rig and 
drilling. Therefore, if equipment is available during the standard test in 
could conceivably be used with respective savings for the BIGE test.
© To identify any drilling issues that may increase the cost of the final 
scheme.
It was agreed that consultation between the two parties should continue in order to 
formulate the most beneficial approach.
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Ground Source Expert Communities Workshop 625/05/06)
A workshop was organised by one of the partners o f Buro Happold to draw upon 
experiences from with the company and to set-up a formal expert communities 
group to share knowledge. The building services and ground engineering teams 
were represented. The workshop lasted one day with project presentations from 
various individuals. I presented both my research aims and also the methodology 
used on a number of projects. Following on from the workshop I have been made 
the technology champion within the company and helped to set up a Ground 
Energy Technologies intranet site.
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6 Research Summary
The summary details progress made in the construction of the research proposal 
but also work carried out in framing a streamlined LCA, and the setting up o f a 
number of case studies to monitor.
6.1 Research Proposal
The research is driven by a number of research questions that were initially 
highlighted in literature review. A primary question leads into a number of 
secondary questions that start to breakdown the research into the engineering, 
environmental and economic aspects of the application of BIGE technologies in the 
UK, see Table 1.
Primary Question
To what extent can BIGE systems help the UK to meet its energy related ambitions (e.g. energy security, 
carbon reduction) and what conditions (e.g. future building design principles) are needed to maximise this 
potential?_________________________________________________________________________________________________
Secondll^^rfistions
Engineering Model
What is the technical potential for BIGE devices in the UK?
o Where in the UK is the technology suitable and in what form, e.g. open/ closed?
°  Considering the existing and future Building stock in the UK what is the estimated potential to
__________install BIGE devices, parameters quantity, MWth?_________________________________________________
Environmental Model
What are the environmental impacts, positive and negative, o f  installing BIGE devices?
•  What are the C 0 2 emissions o f  BIGE systems, during manufacture and operation, and are they 
comparable or lower than other potential systems and approaches?
® Other than the engineering design aspects o f  the application what are the other factors that can
affect the C 0 2 emissions, such as the electricity generating m ix in the UK  and location specific  
transmission losses?
© What other environmental impacts exist such as the potential contamination to groundwater, and
_________ due to temperature variation in the ground.________________________________________________________
Economic Model
What is the economic effectiveness o f  installing BIGE devices to reduce carbon emissions? What are the 
factors that affect this cost effectiveness?
«> Capital investment?
* Operational costs?
© W hole life costing?_______________________________________________________________________________
Table 1 Research Primary and Secondary Questions
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The nature o f these questions lends the main body of the research to a series of 
case studies that enable both theoretical and practical analysis of a number of 
different applications, i.e. building and respective energy strategy, and locations 
with differing climatic and geological characteristics. The combination of 
theoretical and empirical data will provide valuable input to construct a robust 
model to address the objectives of the research project.
Engineering model
The engineering analysis can be split into two main areas, namely the building 
demand side and the geological supply side model.
Building Demand Side
Aside geological characteristics of the site, the adoption may be limited by spatial 
or operational (e.g. very high heating or cooling loads) factors. Thereon, the correct 
strategy and size o f system will require consideration, e.g. should the installation 
be a monovalent system or would a bivalent scheme be more practical and 
economically feasible?
There is a clearly a market for the adoption of new plant in existing as well as new 
buildings. It would seem that BIGE technologies are suited to low temperature 
heating and high temperature cooling. In new buildings there is an opportunity to 
influence the design of the HVAC system and building fabric to suit. With existing 
buildings, the heat losses and gains due to the building fabric and installed HVAC 
system may be prohibitive to their application.
Geology Supply Side
The geology o f the UK is varied but this is not a dissimilar situation to any other 
country. The specific geology found is also not necessarily unique. However, there 
remains a question as to where certain variants of the technology are valid. 
Certainly for open loop systems a suitably productive aquifer remains a key 
attribute, whereas the performance and strategic application o f a closed loop 
system is primarily affected by other ground parameters.
The two main concerns for closed loop systems are the thermal conductivity and 
the thermal capacity of the ground. These two parameters are interrelated by the 
thermal diffusivity which is the measure of the grounds’ capability to conduct 
thermal energy relative to its ability to store thermal energy. Thermal diffusivity is 
calculated as follows;
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Where a  = the thermal diffusivity, ks is the thermal conductivity, r is the density of 
the geomaterial and cp, the specific heat capacity.
The thermal capacity and conductivity of a certain volume is controlled by the 
composition and structure o f the soil or rock. The author through his initial 
research has collated the following ground related factors that have been associated 
with the thermal conductivity, specific capacity and overall potential o f the ground:
© Average ground temperatures 
© Mineral Composition 
© Moisture Content 
© Ground Water Flow 
As noted in the literature review these factors can vary throughout the UK and in 
some cases throughout the year. It is also thought that the COP of systems will 
vary throughout the year as the “local” ground resource may change due to the 
extraction and rejection of water, heat and/or coolth by the BIGE system. 
Additional influencing factors may include local climatic variations and other 
operations in the area.
State of the art developments show improvements in the classification of soils and 
the accuracy of in-situ testing, modelling techniques, borehole construction 
optimisation and hybrid systems. It will be important to consider how all these 
factors will affect the design accuracy and performance of systems.
Economic Model
The economic aspects can be related with either the capital (capex) or the 
operational expenditure (opex) per annum. The capex associated with installation 
are higher than conventional systems so this can be seen as prohibitive and can 
only be argued on a purely economic basis through perceived savings during the 
operational lifetime of the ground source system. The literature review considered 
the economic aspects briefly although it proved difficult to collate any usable data. 
In the case o f closed loop systems Rawlings stated that the main barriers restricting 
the uptake of GSHP in the UK appear to be as follows:
1. Lack of awareness of the technology and its benefits
2. The capital cost
3. Low energy prices
4. Lack of manufacturers, suppliers and installers
The first barrier can be seen to be a mainly social and engineering issue where 
specifiers, contractors and end users are not aware of the BIGE technologies in the 
first instance and, secondly, do not understand the potential benefits and 
integration. The second and third issues can be considered to be predominantly
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“economic” although could be influenced by external forces such as governmental 
regulation and variations in utility prices. The fourth barrier could also be said to 
be economic as, following the principles of the economies of scale, the price of a 
commodity or service reduces as not only the demand increases but the number of 
suppliers (including manufacturers and installers) enter the market.
The two main economic elements can be defined as follows:
© The capital expenditure would typically include all the costs associated 
with installation inclusive of all equipment, sub-contractor design fees, 
consultant fees etc.
© The operational expenditure would typically include all the costs associated 
with running the system through its lifetime, including the electricity used 
for the heat pump(s) and the ground side pumping equipment and also the 
maintenance and replacement costs for the system. This would not include 
the operating costs associated with the HVAC system but would allow 
comparison, if  suitable data is available, with conventional and alternative 
plant.
Due to the trade-off between capital and operational costs it would seem 
appropriate to build up a whole life costing model including discounting to 
compare not only different BIGE systems but also other more conventional 
technologies.
Environmental Model
Carbon Dioxide Reduction
The primary environmental focus is the effective carbon emissions from operating 
the geothermal system. Electricity is typically used to power pumps to circulate the 
fluid around the GLHE and to step up or step down the temperature using an 
electrically powered heat pump.
Electricity powered energy systems do not release emissions at the point of use but 
if  drawing electricity from the national grid, i.e. not from renewable sources, they 
are still effectively emitting carbon dioxide and other GHG’s emissions at the point 
of generation. Electricity in the UK is generated using a mix of fossil fuels, 
nuclear, hydro and a small percentage from renewable energy sources (DTI 2003). 
There is some variation in the reported cumulative emissions per unit o f electricity 
used. The CIBSE report this to be 0.43 kg CO2/ KWh (CIBSE 2004). By 
comparison the reported figures for the direct use of gas is 0.19 and for oil, 0.26 kg 
CO2/ KWh. It will be necessary to carry out a sensitivity analysis of the perceived 
carbon dioxide emissions o f BIGE systems not only with regard to the variation of 
reported figures at the present time but also by considering different future trends 
in electricity generation in the UK.
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Cross Contamination
Ground water is a highly protected resource in the UK supplying water for 
domestic and industry alike. For vertically bored systems, either closed or open 
loop, a number of differing strata may be passed through. Soil contamination in the 
upper strata can be common in urban or industry settings where previous uses have 
left undesirable residues of substances in the geomaterial. By providing a pathway 
for these substances to move there becomes a danger that deeper aquifers can be 
contaminated, therefore, affecting the water quality for other water users.
Ground/ Groundwater Warming and Cooling
It can be perceived that the local heating and cooling may affect the growth cycles 
of plants and other biota. The author has yet to find any confirmation that this has 
occurred but feels it requires more research.
Embodied Energy and Life Cycle Analysis (LCA)
There remains a question as to how “renewable” certain so called low carbon or 
renewable energy technologies are. Is more energy expended in the production and 
installation o f these systems than is actually produced during its operational 
lifetime? This leads into the consideration of LCA and a review of the entire 
lifecycle of the system from cradle to grave.
Due to the complexity and perceived depth of work required to carry out a 
comprehensive LCA it is deemed to be outside the scope of this piece of research. 
However, to answer the primary question consideration should be given to carbon 
dioxide emissions throughout the life cycle of the system. This would suit a 
streamlined LCA that considered only certain impact categories. This approach 
would minimise the time spent on this element o f work. This is discussed further in 
section 6.3.
6.2 Case Study Methodology
The proposal is to identify a range of projects that will allow a systematic analysis 
of the design process, the procurement and operation of BIGE systems.
It is hoped that the most common forms of BIGE systems can be studied. These 
would include, as a priority, ground water open loop and horizontal and vertical 
closed loop systems. Other preferences would include UTES, thermo active 
foundations and earth loop or labyrinth systems.
To ensure variability in the projects a number of other parameters need to be 
approached which will allow further exploration of aspects of the building, 
occupational function, location and geology. Suggested parameters are shown in 
Table 2.
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Table 2 Case Study Parameters
Parameter Variants
Building Size e.g. floor area, number of storeys
Building Type e.g. Office, School, Residential, Industrial
Building Age New or Retro-fit
Geology e.g. geo-material type, hydrogeology
Building Services Strategy e.g. heating and/ or cooling, air or hydronic distribution, 
bivalent or monvalent.
Local Climate e.g. Temperature Range throughout year
Location Urban/ rural
Due to the inherent length of time for construction projects to pass from master- 
planning through to completion and operation it is accepted that it will be 
impossible to evaluate both the design and operation phases on individual 
buildings. It is anticipated that a number of projects continue to be chosen from 
within Buro Happold to carry out the design phase investigation. This will 
maximise the level of access to information from all members o f the design team. 
Buildings will need to be chosen that are already completed and occupied for 
analysis of the operational phase. Data collection for the procurement phase will 
be obtained from a mixture of both sources i.e. from new and existing projects.
Design Phase
This phase will provide input for each model, as follows;
Engineering Review: Simulated energy use, spatial requirements, HVAC 
implications and maintenance schedule. Geology and Hydrogeology review
Environmental Review: e.g. Simulated Carbon Dioxide reduction and LCA
Economic Review: reference to perceived operational and capital costs. Net 
present value (NPV) to evaluate discount rate.
Part of the analysis will be carried out using simulation software that is ideally 
commercially available and also proven through cross reference with empirical 
data. Further review will need to interpret using conventional software and design 
guides4 to aid design decisions.
3
Such as Microsoft Excel
4 Such as those published by ASHRAE and CIBSE
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There are numerous building simulation software packages that could be used. 
These include open source simulation engines such as Energy Plus and more user 
friendly packages such as IES and Design Builder. It is preferred that software 
packages with user friendly interfaces are used to minimise the time spent 
constructing and understanding models.
IES is widely available within BH with extensive user experience that could be 
drawn on throughout the project, it is thought that this software will be used to 
model building energy systems.
Clearly a methodology is preferred to simulate BIGE systems that has been used by 
other professionals either in this country or elsewhere. It is anticipated that more 
conventional applications will allow the use of commercially developed software 
packages. The research engineer is currently reviewing a number of these tools. 
GLHEPro is currently preferred due to widely accepted background methodology 
which is used throughout the USA and Europe. However, certain variants and/ or 
configurations may require bespoke analysis through the development o f generic 
classical theory including but not limited to Ingersoll, Zobel et al (1955) and 
Carslaw and Jaeger (1959).
Procurement Phase
Only the engineering and economic phases will be reviewed during this phase:
Engineering Review: High cost may eliminate or reduce the size of BIGE
Economic Review: Value Engineering, Capital Expenditure
Data collection from this phase will focus on the procurement of the system and 
the capital expenditure for the BIGE system. It is hoped that information will be 
sought through the advice and help of the Asset Management team within Buro 
Happold. This information will ideally be confirmed through the realisation o f a 
range of projects during the research period. In addition, further cost data will be 
sought through dialogue with industry.
Operational Phase
Proof of the findings of the design phase will be provided, as follows:
Environmental Review: Actual Carbon Dioxide reduction etc
Engineering Review: Actual energy use and maintenance schedule
Economic Review: Actual operational and maintenance costs
Access to completed buildings will be needed and hence necessitate significant 
liaison with occupiers and building managers. Progress is discussed further below. 
Although some difficulties are anticipated it is hoped that through collaborative 
working and a willingness to share data streams the process will benefit both the
Page 17
research and also third parties such as specialist contractors and building and estate 
managers.
The assessment must review the performance of the system over at least one year 
of operation to consider both the COP of the system during certain periods of the 
year as well as the SPF.
The studies that have already been identified and progress made are detailed 
below:
Case Study 1: Yorkshire Dales Park Authority Building, Bainbridge.
This is a project completed by BH, Leeds office and after discussions with the 
respective engineers and client, agreement has been made to monitor the 
installation.
Project Overview: The building is the area office for YDPA with a floor area of 
-1000m . The system has a horizontal closed loop GLHE. The BIGE system 
provides heating only.
Status of monitoring: After Initial site visit and meeting with client now waiting 
further as built drawings and information from client.
Case Study 2: HVL Office, Dordrecht, Holland
Project Overview: The building is ~3000m2. The BIGE system is a GWHP with 
seasonal Aquifer Thermal Energy Storage.
Status: Following a visit to Holland to visit IF Technology this project was 
identified due to the extensive monitoring system that has been installed and the 
consequent ease of data collection. A database is available which provides 
information for the previous five years. This information is presently being 
reviewed in order to assess the suitability.
Meeting with Geothermal International (16/05/06): Geothermal International have 
installed a number of BIGE systems, open and closed, in the UK. The meeting was 
set up to discuss the possibility of monitoring a few of these systems. GI have 
agreed to this in principle. Contact will be made once the monitoring method has 
been confirmed.
6.3 Stream lined Life Cycle Analysis
Following a number o f informal meeting with Dr. Lloren? Mila i Canals a proposal 
has been submitted to the CES at Surrey University to carry out a streamlined LCA 
of BIGE systems. At the time of writing no firm response had been received.
The software tool proposed for this research is GaBi 4.0 as is thought most suited 
to this type of product and process, and also as there are a number of licences held 
at Surrey University and hence experience of its application. There are a number of
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issues to still be resolved before the study can be completed, primarily regarding 
the licensing and supervision required. These were outlined in the proposal and a 
solution seems likely although no firm agreement has been made. '
In order to understand the actual potential of existing BIGE systems to reduce 
carbon emissions within buildings it is proposed that a LCA model is constructed 
to investigate the “energy” related inputs and outputs throughout the lifetime of 
such installations. There are direct methods of reviewing the operational benefits or 
otherwise versus conventional technologies but to fully realise the cradle to grave 
effective carbon dioxide emissions of BIGE systems a LCA approach is deemed to 
be the most complete and accepted methodology available. It may be apparent 
following the completion of the LCA that the certain aspects of the BIGE system 
during the lifetime have negligible affect on the cumulative energy use and 
emissions of the system e.g. the manufacture and installation phases compared to 
the operational phase. In this case it maybe possible to simplify the process further 
but until a life cycle review is carried out this cannot be confirmed.
An indicative flowchart of the simplified LCA is shown in Figure 1.
Ongoing research has highlighted that no previous LCA studies have been 
completed either for BIGE systems in general or specific to their installation, 
operation and disposal in a UK context. Therefore this work is seen to be important 
to complete research in this area.
Methodology
There are three main types of LCA5, i.e.:
1. Life Cycle Thinking (LCT)
2. Simplified LCA
3. Detailed LCA
5 SET AC, (1997), Simplifying LCA: Just a Cut?, SETAC Europe.
P age 19
Exam ples o f  Process E xam ples o f  Inputs 
And O utputs
Exam nles o f ImDact
Extraction o f  Iron Ore 
and other A lloy metals 
Oil etc
Inputs 
Transport and Plant 
and Fuel 
Outputs 
Waste material from 
mining 
Fuel Emissions
Categ
C 0 2 , C 
Hydroca
Exam  
C lassit 
Global \  
Ozone De
ories:
0 , NOx, 
rbons etc
)les o f  
p tio n :
Varming 
eletion etc.
Manufacture: HDPE 
Piping 
Steel Components for 
Heat Pump, Well 
construction etc
Inputs 
Raw Material 
Plant/equipment 
Energy Use for plant 
and equipment 
Outputs 
Waste material from 
component 
manufacture 
Fuel Emissions
E xam
Characte
Kg C 0 2  e 
KgC2H2
des o f  
‘risation:
iquivalent
equivalent
Borehole Construction 
Earthworks 
Heat Pump 
Connection and 
commissioning
Inputs 
Components 
Plant/ equipment
Outputs 
Fuel Emissions
N orm a
% o f  totals
isation:
occurrence
Provision o f  Heating 
and Cooling in 
Building
Inputs 
Electricity 
Spare Parts
Outputs 
Heat 
Fuel Em issions
G roi
R egional 
E U / wor
ping:
^National/ 
Id Level
Used parts recycled or 
sent to landfill
Inputs 
U se Parts that cannot 
be recycled
Outputs 
Waste components 
that can’t be recycled  
in closed cycle 
Fuel Emissions
Transport
Transport
Transport
Disposal
Operational Use
Installation
Raw Material Abstraction
Component Production
Figure 1 Indicative Flowchart and Impact Assessment for BIGE 
Systems
Page 20
It accepted that to complete a detailed LCA of BIGE systems would take a 
considerable amount of time and not all o f the data inputs and outputs are entirely 
relevant to the objectives of the core research into BIGE technologies. LCT 
remains a more qualitative approach with some generic data input and would not 
provide the level of detail to interpret the specific energy related impacts of BIGE 
systems. It would therefore appear that a simplified LCA offers the best 
opportunity to reduce the time spent carrying out the LCA whilst maximising the 
accuracy of the outcome. It is also important to note that nearly all LCA studies 
include some form of simplification due to a lack of specific data or due to 
assumptions made in normalising results. The main difference here is that the goal 
and scope definition will specifically aim to narrow and simplify the focus of the 
LCA from the outset.
According to ISO 140406 the four main phases of any LCA are goal and scope 
definition, life cycle inventory analysis, life cycle impact assessment and life cycle 
interpretation. SETAC suggest that the first phase should not be simplified whilst 
the 3 remaining phases can be simplified by the following 3 steps;
1. Screening; a method of initially identifying key issues in a life cycle o f a 
product, and also, reviewing the importance of data gaps.
2. Simplifying; this should be approached on a case by case basis but the aim 
is to reduce time spent on, for example, either insignificant data collection 
or impacts not relevant to the respective research.
3. Assessment Reliability; if  generic data or estimates are used then it is 
important to perform sensitivity analysis to ensure that any assumptions 
that are made are valid and justifiable.
By screening it will be possible to identify and investigate energy related impacts 
either in isolation or in the context of other similar studies of heating and cooling 
installations. This process will be iterative and will remain active as the LCA is 
progressed.
Simplifying will encompass a review of the inventory analysis, impact assessment 
and interpretation phases.
For example in the case of the inventory analysis it maybe possible to eliminate 
factors which are either insignificant in the context of the research or will have a 
negligible effect on the final interpretation. One of the greatest problems in LCA 
work is the treatment of data gaps. In the simplification process surrogate data 
values can be used from existing generic data sources such as Ecoinvent.
6 ISO, (1997) ISO 14040 Environmental Management - Life Cycle Assessment - 
Principles and Framework, International Organisation for Standardisation.
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Alternatively, if  the input in question is found to be, through initial sensitivity 
analysis, o f significant importance than more accurate analysis will be needed.
It is expected that as part of the screening process that significant expert review 
will be useful to brainstorm any foreseeable issues or impacts that are commonly 
associated with similar LCA studies. This maybe approached in the form of a half 
baked lunchtime seminar at CES with an open invite to academic staff and 
researchers. Benchmarking may also prove necessary to validate the results.
The life cycle assessment phase will largely be simplified as a result o f the goal 
and scope definition, i.e. the focus on energy use and generation of BIGE systems, 
and certain impact categories, i.e. the resultant CO2 emissions from BIGE systems. 
Undoubtedly there will be a feedback loop at this point to the screening phase to 
identify the importance of certain data omissions or estimates on the assessment 
process.
In essence the interpretation phase is not needed for this body of research. It is 
envisaged that the goal and scope will state that referenced assumptions regarding 
the end point affects o f energy use. The LCA is acting as a method to review 
certain cumulative inputs and outputs throughout the lifespan of BIGE systems 
with the acknowledgement that, for example, CO2 and SOx are detrimental to the 
environment per se but the extent of which will only be examined with reference to 
the UK’s existing energy related targets. It is not necessarily deemed within the 
scope of the study or body of research to question the UK’s energy ambitions but 
simply to highlight the related environmental inputs and outputs of BIGE systems.
It is hoped that the simplified LCA will take no longer than 18 months to conclude 
with work being completed mainly at the CES in 2 week blocks.
A more detailed work plan can be completed once the licence/ supervisor issues 
have been resolved.
6.4 Spatial Review of BIGE systems in the UK
One of the main tasks to consider the various BIGE system options within the UK 
is a geology and hydrology review. The exact format and extent of this is still 
being considered. It is thought that this will be partially progressed as part of an 
undergraduate project. An initial meeting was held (15/09/06) with a third year 
civil engineering student, Daniel Chasen, along with Dr. Marcus Matthews. It was 
agreed that information would be passed on to the student regarding BIGE 
technologies and relevant geological and hydrogeological features.
Another meeting is to be arranged towards the end of the year to progress the 
format and scope. As part of the undergraduate degree the project will need to be 
completed by June 2007.
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Abstract
Buildings consume nearly 50% of the UK’s total energy with a large proportion used for 
the provision of heating and cooling. This has obvious consequences in terms of the 
carbon dioxide emissions due to either direct emissions from the combustion of fossil 
fuels at or near the building or through indirect emissions from the use o f electricity. The 
European Performance in Building Directive (2002) and consequent revised UK building 
regulations (2006) seek to enforce the reduction of the effective emissions from buildings 
by reducing demand or by using zero or low carbon technologies. With recent rises in 
energy costs there is also a desire to reduce building running costs by utilising either 
renewable energy technologies or more efficient plant.
Conventional heating, ventilation and air-conditioning (HVAC) technologies in the UK 
include mainly fossil fuelled heating systems (gas, oil and coal) and electrically powered 
cooling and air conditioning equipment which uses external air as the source medium. 
Building integrated ground energy (BIGE) systems have the potential to reduce effective 
CO2 emissions and operational running costs compared to conventional technologies that 
are prevalent in the HVAC industry. Reduction is due to the inherent efficiencies o f this 
technology compared to conventional equipment. BIGE systems utilise the 
thermodynamic advantage of near constant temperatures in the ground throughout the 
year to provide heat and coolth. This is typically with the use of electrically powered heat 
pump technology although “free” cooling can be provided in some circumstances and at 
certain times of the year. In addition to the use of primary state ground temperatures, i.e. 
the undisturbed ground temperature, there are further possibilities to use the ground and 
aquifers as storage mediums therefore increasing the relative advantage on a diurnal and 
seasonal basis.
There are only some 3,000 installations in the UK at present in comparison with Sweden, 
>200,000 and the US, >500,000. There are a number of reasons quoted for the low 
relative take up in the UK, such as the low relative price of gas to electricity and
BUILDING INTEGRATED GROUND ENERGY (BIGE) SYSTEMS:
ENVIRONMENTAL, ECONOMIC AND ENGINEERING ASPECTS
Abstracts of the 2006 Conference for the Engineering Doctorate in Environmental
Technology
respective extensive gas infrastructure. Other reasons point towards a conservative 
construction industry and/ or a general lack of awareness amongst consumers and 
equipment specifiers.
This primary body of this research analyses the further potential for this technology to 
reduce CO2 emissions and operational costs in the UK using a number of case studies. 
These individual buildings have been chosen to review the affect of differing ground 
conditions, building construction, building type, occupancy profiles, climate and location 
on the performance o f BIGE systems in the UK.
In addition to reviewing the operational phase o f these systems, a streamlined Life Cycle 
Analysis (LCA) will be used to evaluate the overall CO2 emissions during the entire 
lifetime of typical BIGE installations.
The anticipated contribution to knowledge is the identification of applicability and 
optimization of BIGE systems in different scenarios in the UK. This will enable a review 
of the overall potential of BIGE systems to aid the UK’s energy and CO2 emission 
reduction related ambitions.
Keywords: Building integrated ground energy (BIGE) systems, ground source heat 
pumps (GSHPs), ground water heat pumps (GWHPs), carbon dioxide emissions, life 
cycle analysis (LCA), underground thermal energy storage (UTES), borehole thermal 
energy storage (BTES), aquifer thermal energy storage (ATES).
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Executive Summary
It is clear, through the publications of various reports, policy documents and 
regulations, that the UK needs to develop low carbon strategies in the built 
environment to help towards reducing man-made carbon dioxide emissions that are 
widely acknowledged to be causing global warming.
Building ground energy systems (BGESs) mainly using electrically powered heat 
pumps can be installed as an alternative to conventional technologies to provide space 
heating and cooling in buildings. By using the ground these systems gain a 
thermodynamic advantage over other technologies and hence have the potential to 
reduce by comparison both the effective carbon dioxide emissions and operational 
cost of heating and cooling in buildings.
BGESs are used extensively in other countries but remain relatively unpopular in the 
UK. This is thought largely to be because of low relative prices for gas and other 
technologies but also a lack of awareness of the most appropriate integration o f the 
technology considering the UK geology and hydrogeology, climate and existing 
building practice.
The salient parameters for BGESs are related to the supply side, i.e. the ground, and 
the demand side, i.e. the building. UK geology and hydrogeology is particularly varied 
with consequent due consideration required to analyse the most suitable technology 
and integration at specific sites. Higher conductivities and thermal capacity in the 
ground suit closed loop BGESs. High yield aquifers are an essential basis for open 
loop BGESs which have added benefits of consistent abstraction temperatures and the 
particular potential to increase the system efficiency in the cooling mode by 
eliminating the need for additional plant to reduce the temperature to a suitable level 
for the cooling distribution circuit.
The primary research aim is to analyse and establish the applicability of BGESs to the 
UK context to meet its energy and carbon dioxide reduction ambitions. The research is 
further characterised by a series of secondary research questions which relate to the 
engineering, environmental and economic aspects o f the application o f BGESs.
The contributions to knowledge are anticipated to include:
1. A spatial review of the UK’s geology and hydrogeology in relation to the 
different variants of BGESs.
2. A design methodology for the most cost effective method to integrate the 
technology to reduce carbon dioxide emissions in those buildings that can be 
analysed within the timescales of the research.
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3. A carbon dioxide life cycle analysis (LCA), which is necessarily limited in 
focus due to the main aim of the project and available time but will still be able 
to highlight other important environmental impacts.
4. A life cycle cost review of BGESs versus conventional approaches considering 
estimated future fuel price scenarios.
Two pilot design studies carried out within the host company, one for a major 
refurbishment of a theatre and another, for a new academy, have shown that heating 
and cooling energy loads can be significantly different. This adds a particularly 
interesting dimension when trying to optimise the integration as an imbalance in the 
heat abstraction and rejection to the ground can alter the long term performance of the 
system. Bivalent, i.e. dual fuel or technology, systems seem to be an economic way of 
integrating these systems which are commonly more expensive than the conventional 
alternative. In both pilot studies marginal benefit analysis was used to analyse the 
most cost effective size of the BGESs whilst using less costly conventional 
technologies to cover infrequent peak loads. Another area of interest that was 
uncovered during the pilot studies was whether in-situ testing was justified to verify 
desktop data. Testing was carried out during the early stages o f design for the theatre 
with only a 5.4% difference in the corresponding ground loop heat exchanger length 
using the desktop and in-situ thermal conductivity data
Two pilot operational studies have highlighted some of the problems of carrying out 
post occupancy studies, namely in choosing the correct equipment and consequent 
installation and secondly, in finding suitable projects to monitor in the UK. 
Monitoring equipment installed to monitor the performance of a closed loop BGES in 
the north of England was deemed unsuitable so alternative methods are now being 
considered. A building in the Netherlands has been chosen as there are no long term 
examples of aquifer thermal energy storage systems in the UK. Meters have already 
been installed at this site and the data collation is being aided by a third party.
To consider the carbon dioxide emissions more fully a model will be constructed 
including inputs from the carbon dioxide LCA which will reflect how the UK’s 
electricity generation mix and hence carbon intensity may vary up to 2030. Another 
template model will also be used to review the economic viability in relation to 
variations in both electricity and gas prices over the same period. The majority o f the 
future work is outlined as a series of tasks primarily focussed around case studies.
The research will be made particularly robust by the case study approach to review the 
design, procurement and operational phases of BGESs. The design phase will focus on 
choosing the most suitable approach using building energy simulation tools and 
benchmarks. This will include sensitivity analysis which is thought essential due to 
the reported difference between simulated and actual building performance data. This
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naturally leads the research to gain data (using energy and electricity meters) from 
operational BGESs to validate design decisions. The procurement phase will be 
important to establish the actual costs o f systems and to again add weight to 
judgments made during the design phase. An unfortunate characteristic of the research 
proposal is that, due to the normal timescales between project conception to 
commissioning and operation, it will not be possible to detail each process on 
individual buildings. Therefore, a number o f design and procurement projects have 
and will be chosen that the host company is currently responsible for, whilst a number 
o f projects have and will be chosen for the operational phase review.
A Gantt chart is presented to outline the main deliverables leading up to the target 
completion date in March 2009. This includes the anticipated completion dates for 
three journal papers which are also listed and outlined on the next page.
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Journal Publications
One peer reviewed paper has been completed and submitted on 31/01/07:
Title: “The Economic and Environmental Optimisation of Integrating Ground Source 
Energy Systems into Buildings”.
This was submitted for the peer reviewed conference, ECOS June 2007 (Efficiency, 
Cost, Optimization, Simulation and Environmental Impact o f Energy Systems), 
Padova, Italy.
Following the conference the paper maybe recommended for Energy -  the 
International Journal.
Three further peer reviewed journal papers are also presently being considered:
Title: “Spatial Review of the Potential for Building Ground Energy Systems in the 
UK”.
Target Publication: Quarterly Journal o f  Engineering Geology & Hydrogeology. 
Target Submittal Date: 31/10/07
Title: “Carbon Dioxide Life Cycle Analysis of a Building Ground Energy System in 
the UK”.
Target Publication: The International Journal o f  LCA.
Target Submittal Date: 30/04/08
Title: “Operational Findings from Building Ground Energy Systems in the UK”.
Target Publication: ASHRAE Transactions or Energy in Buildings.
Target Submittal Date: 30/06/08
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1 Introduction
This chapter serves to give a brief overview of the research topic and to summarise the 
chapters contained within this 24 month dissertation.
The research is based around the application of space heating and cooling systems that 
use the ground as a primary resource. The systems under review are characterised by 
moving water or another fluid from or through the ground, including building 
foundation structures, and using the energy gained to heat or cool a building. In most 
applications electric powered heat pumps are used to step up or down the low grade 
energy found in the ground to a more “useable” temperature.
As these systems are typified by using “free” energy from the ground they are classed as 
a low carbon technology and in some quarters a renewable energy resource, although 
the electricity and primary energy used can remain significant versus conventional 
technologies.
The main research aim is to develop an understanding of these Building Ground Energy 
Systems (BGESs) and analyse when they are most effective in the UK, primarily, in 
terms of reducing the effective carbon dioxide emissions from buildings. There is also 
the potential to reduce the operational cost of heating and cooling buildings using these 
technologies.
It is noted that the performance of BGESs can be variable depending on a number of 
factors, such as the ground conditions and demand side parameters, i.e. the building 
heating and cooling requirements. This is made more complex by considering the 
anticipated variation in the future carbon intensity of UK electricity generation and the 
relative cost of different energy resources.
The primary aim of the research is to establish the applicability of BGESs to the UK 
context to meet the countries energy and carbon dioxide reduction ambitions. Although 
the technology and approach is not new, and is used extensively in other countries, 
including the USA and northern Europe, the technology remains marginal in the UK. 
Therefore the focus for the research and anticipated contribution to knowledge is the 
context of a low carbon UK. The principle research basis will be a number of design 
projects that are ongoing within the host company and also existing operational projects 
in the UK.
Chapter 2 offers a brief literature review to establish the UK context in terms of policy 
and geology and hydrogeology whilst also providing an overview of the different 
building ground energy systems (BGESs) and approaches that have been applied in the 
built environment.
Chapter 3 serves to characterise the research and elaborate on the core methodology and 
anticipated contributions to knowledge that the research will endeavour to cover.
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Chapters 4 and 5 respectively cover the progress made to date and the future work 
programme up to completion in March 2009.
Attention should also be drawn to a number of salient documents in the appendices that 
supplement the main text and help to establish the current research status, publications 
and future programme goals.
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2 Literature Review
The objective of this section is to summarise the UK context and existing literature and 
knowledge in building heating and cooling and, more specifically, UK geology and 
hydrogeology and BGESs. This is further to a more comprehensive literature review 
completed by the author in September 2005.
2.1 Policy
In the UK the issue of energy and future technology options has been raised and 
discussed with various reports of note. More recently, these include the Royal 
Commission for Environmental Protection; “Energy - The Changing Climate ” [RCEP 
2000], the Governments’ Energy White Paper; “Our Energy Future -  creating a Low 
Carbon Economy” [DTI 2003] and “Energy Efficiency: The Government's Plan fo r  
Action” [DEFRA 2004]. More recently, and in direct relation to the built environment, 
the latest issue of Part L of the Building Regulations has made building designers focus 
more on reducing the carbon dioxide emissions from buildings [ODPM 2006].
The use o f heat pumps was raised in the RCEP report and was marked as a technology 
that makes an efficient use of electricity for heating and cooling a building, and also 
potentially providing hot water, by employing ” ... the abundant quantities available 
from rivers, streams, wastewater, groundwater, soil and air” [RCEP 2000; pg. 39].
However, two major concerns were raised; namely, that heat pump systems typically 
make use of certain types of refrigerants (CFCs, HCFCs and HFCs) that act as 
greenhouse gases and also through the use of electricity and the dominant fossil fuel 
generation thereof, the system is still a carbon dioxide emitting technology.
Chapter 4 of the Energy White Paper further concentrates on low carbon energy 
generation and is quick to point out that “ ... renewable energy has expanded far less in 
the UK than in some other European countries. Yet the potential is huge” [DTI 2003; 
pg. 44]
Within Energy Efficiency: The Government's Plan fo r  Action there is the clearest 
commitment yet to the role that BGESs will have in the future in the UK. It is stated that 
as the building regulations standards continue to rise, and in particular between 2010 
and 2020, there will be a need for building to include a number of low or zero-carbon 
technologies including, amongst others, Ground Source Heating and Cooling and Heat 
Pumps [DEFRA 2004].
From these documents it is possible to deduce that whilst the use of ground energy 
technologies has not been strongly pushed as a ready-to-go technology there is an 
identifiable recognition of the potential future contribution this technology could make 
to national carbon dioxide reduction targets.
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More recent generic national reports show how the issue of climate change and carbon 
dioxide emission reduction is becoming a more primary policy concern for the UK. 
These reports include the Stern Report [Stern 2006] and the Climate Change 
Programme Review [DEFRA 2006].
In response to the recent European Performance in Building Directive [EU 2002], a new 
issue of Part L of the Building Regulations was released in 2006 [ODPM 2006]. To 
comply with the regulations new or extensively refurbished buildings must, amongst a 
number of other requirements, have a building CO2 emission rate (BER) which does not 
exceed the target CO2 emissions rate (TER). The TER is the mass of CO2 emitted per 
year per square metre and must be calculated using a certified method.
The regulations outline a number of methods to reduce the effective CO2 emissions 
from a building including the context dependent application of low or zero carbon 
technologies, including heat pumps, which can make substantial and cost effective 
contributions to achieving TERs.”[ODPM 2006] The related guidance document [NBS 
2006] gives a review of the both ground cooling and ground source heat pumps 
(GSHPs) as technologies suitable to reduce carbon emissions. There is also reference to 
the popularity of GSHPs in other countries in comparison to the UK.
2.2 Building Heating and Cooling Overview
By referring to Figure 1 it can be deduced that the built environment accounts for 
approximately 46% of all energy use in the UK.
Industrial Process
18%
Transport
35%Industrial Buildings 
4%
Commercial and 
Public Buildings 
13%
Agriculture
1%
Domestic
29%
Figure 1 Final Energy Consumption in 2000 [CIBSE 20042]
In terms of carbon dioxide emissions, space heating and cooling ventilation accounts for 
-46%  of all emissions from buildings, see Figure 2.
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Figure 2 Non Domestic Buildings' Carbon Dioxide Emissions from Energy Use in
2000 [CIBSE 20 042]
There are a number of “conventional” technologies that are presently used in the UK 
built environment to provide heating and cooling. It is clear that these conventional 
systems become more or less popular over time depending on a number of factors 
which can be broadly outlined as follows:
• Cost
• Technology Advancement
• Fuel Resource
® End User Demand
• Global Agreements and National Legislation
Cost is an inevitable driver in the choice of technology and without legislation to 
enforce the use of more efficient or environmentally benign methods the strictly 
commercial market will be led to a certain extent by the respective capital and 
operational costs. However, at any given time, industry and society in general has a 
stock of knowledge about ways in which goods can be produced and applied so 
convention does not necessarily change immediately to new technologies or market 
conditions. Fuel resource and availability also has an obvious impact on technology 
also. For example, in the UK, the widespread increased consumption of natural gas over 
the last 20-30 years is inherently linked to the extensive gas network covering the 
country and low price due to existing UK resource in the North Sea [DTI1 2006].
Even accounting for best practice guidance regarding building construction and 
“passive” design, “active” heating and cooling provision remains a requirement in the
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vast majority of UK buildings. The dominant space heating method in the UK is gas 
fired boiler plant with a seasonal efficiency of -85%  and distribution systems typified 
by high temperature (>70°C) hydronic or air-based heat emitters [CIBSE, 20041]. 
Cooling plant is typified by electric vapour compression units with air cooled 
condensers or cooling towers and a coefficient of performance of -3 , with distribution 
via air-based units at <8°C [CIBSE, 20043].
Bordass [2001 *] has stated that technical advancement has already been made to 
virtually eliminate heating and cooling demand and this should be the first step to be 
considered when designing a building. CIBSE review the predominant methods for 
minimising the need for building services, and increase efficiency and reduce 
environmental impacts [CIBSE, 2004 ]. Once these “passive” means have been 
optimised the next available step is to consider the use of low and zero carbon 
technologies.
There are a number of technologies presently used in buildings that are considered to be 
either low or zero carbon. The main low or zero emission commercial technologies used 
for heating, space and domestic hot water (DHW), and cooling are outlined by CIBSE 
[2004 ] and Boyle et al [2004]. These include solar thermal, biomass, combined heat 
and power (CHP) and BGESs.
2.3 Building Ground Energy Systems
2.3.1 Technology overview
Through researching the field of ground energy it has been deduced that there are two 
distinct resources. Firstly, high temperature and high enthalpy resources that can be 
extracted and are generated from the interior of the earth [Stefansson 2005]. Secondly, 
low temperature and enthalpy ground coupling refers to energy in the ground which “ ... 
is transferred to and from the earth’s surface by solar radiation, rainfall, wind etc. Only 
a small part (less than 3%) of the stored energy in the earth’s crust comes from its core” 
[Rawlings 1999].
The main reasoning for this split is that through the author’s initial research it is has 
become noticeable that although each of the noted resource technologies are linked and 
in some cases overlap there are distinct strands of research and development that fall 
into these two areas.
In the context of the UK, Batchelor et al [2003] have stated that the economic utilisation 
o f high temperature and higher enthalpy geothermal remains unachievable due to the 
depth of suitable resource and comparative cost of fossil fuels. The UK government 
have no present plans to go ahead with such schemes in the immediate future. For these 
reasons high temperature geothermal energy has been excluded from the focus of 
research.
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2.3.2 Low Temperature Ground Coupling
It is unclear as to when the first conceptual ground source system was devised although 
Ball et al [1983] reported that the first known record of potentially using the earth as a 
heat source for a heat pump is in a Swiss patent issued in 1912. The first practical 
installation of a combined heat pump and ground heat exchanger was thought to be by 
Robert C. Webber in the 1940’s, as reported by Crandall [1946]. The heat pump 
concept, i.e. the thermodynamic principle, as discussed by Halozan [2005] was 
developed much earlier by Lord Kelvin et al in 1834 where the source was ambient air.
The use of the ground as an energy source is presently being used in various 
configurations and applications throughout the world but it is yet to be fully exploited in 
the UK. There is no available information on the exact number of ground energy 
installations in the UK but it is thought there are approximately 300 domestic and 40-60 
commercial GSHP projects installed throughout the country (Batchelor et al 2005). This 
is very low compared to other countries as can be seen by referring to Table 1.
Country Capacity
(MWth)
Generation
(GWh/yr)
Number
Installed
USA 3,730 3,720 500,000
Sweden 2,000 8,000 200,000
Germany 560 840 40,000
Switzerland 440 660 25,000
Canada 435 300 36,000
Austria 275 370 23,000
Table 1 Leading countries Using BGESs [Lund et al 2003]
Ground coupled systems take advantage of moderate temperature variations in the 
ground, compared to ambient air, thus providing a positive seasonal thermodynamic 
advantage for use in either heating or cooling a building [VDI 2004 ]. An example of 
the variation in temperature near the surface is shown in Figure 3. The temperature o f 
the ground below approximately 10m only varies by +/- 1°C throughout the whole year.
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Figure 3 Variation in G round Tem perature in C entral Europe [Viessmann 2005]
There are a number of different configurations used; the following are those that the 
research author has become aware of since the start of this body of research.
1. Ground Coupled Cooling
• Closed Loop -  Air or a Liquid is pumped around a closed loop 
underground pipe network to exchange energy from the ground and then 
used either directly or via a heat exchanger to provide cooling for a 
building, see Figure 4 and Figure 6.
© Open Loop -  Ground water is pumped direct from an underground water
source and used directly or via a heat exchanger to provide cooling 
within a building, see Figure 5.
2. Ground Coupled Heat Pumps
• Closed Loop -  Again, air or water can be pumped around a closed loop 
system but the energy can be stepped up or down via a heat pump, see 
Figure 4 and Figure 6. This variation is most commonly known as a 
Ground Source Heat Pump (GSHP).
® Open Loop -  Again, ground water is pumped from an underground water
source but this time the temperature can be stepped up or down to 
provide higher grade heating and cooling via a heat exchanger and a heat 
pump, see Figure 5. This configuration is sometimes referred to as a 
Ground Water Heat Pump (GWHP).
Earth surface 
Temperature [ C]
1 j 1 1
h , 1
h
;• -■
J
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Figure 4 Vertical Closed Loop System
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Figure 5 Open Loop System
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Figure 6 Energy Pile Installation [www.enercret.com]
It is possible to simply use the temperature of the ground to provide low grade cooling 
to a building. This is often referred to as “free cooling'’ as there is only a negligible 
external input of energy required to both pump out and re-inject in an open system, or to 
re-circulate within a closed loop system [VDI 20044].
In adopting BGESs it is possible to consider an underground thermal energy storage 
(UTES) strategy, or more specifically borehole thermal energy storage (BTES) for 
closed loop systems and aquifer thermal energy storage (ATES) for open loop systems 
[VDI 20043]. Seasonal schematics of a BTES and ATES system are shown in Figure 7. 
Essentially, BTES utilises the heat transfer in a closed loop system for energy storage,
i.e. via conductive processes from the fluid in the ground heat exchanger to the 
surrounding ground. An ATES uses an aquifer as the storage medium with an 
abstraction and injection cycle. In both cases the surrounding geomaterial acts as an 
insulator.
The main advantages of using UTES can be summarised as:
• Increased COP
• Low^er flow rates or increased heat pump capacity
• Fewer wells (ATES) or fewer closed loop boreholes (BTES)
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Figure 7 BTES and ATES Systems [IEA Newsletter 1998]
The heat pump system, in its most common form today, is shown below in Figure 8, in 
the heating mode, and Figure 9, in the cooling mode. The heat pump requires a notable 
electricity input to provide the higher grade heating and cooling which typically results 
in a COP of approximately 4 [Lund et al 2003].
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Figure 8 Heat Pump -  Heating Cycle [Lund et al 2003]
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Figure 9 Heat Pump -  Cooling Mode [Lund et al 2003]
The main capital costs for a closed system, as outlined by Rawlings [1999] are as 
follows:
• Heat Pump(s), if used
• Ground Coil, i.e. GLHE
• Distribution System
® Drilling or Trenching for ground coil
• Installation of system.
The ground coil and its installation typically make up between 30 and 50% of the total 
capital costs therefore it is important to maximise the extraction rate from each unit 
length [Rawlings 1999]. The variance in cost can be associated with the local ground 
conditions and hence the drilling method, and also the availability of suitable drilling 
contractors. The main cost parameter considered in the operational phase is the relative 
price of different fuels used by conventional equipment and electricity used by the heat 
pump.
For an open loop the main capital costs as outlined by Kavanaugh and Rafferty [1997] 
are:
• Heat Pump(s), if used
® Abstraction well (pump, casing and screen etc)
• Discharge/ injection well, if used
• Drilling
• Installation costs
2.3.3 Potential Environmental Benefits of BGES
Rawlings [1999], Granryd [2005] and Halozan [2005] state that by reducing the use of 
primary energy fuel GSHPs have the potential to reduce the CO2 produced by the
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burning of fossil fuels. However, the emissions depend on the power generation mix of 
the electricity and the cumulative efficiency of the power stations in a country [Granryd 
2005]. In the UK DEFRA have reported that electricity indirectly produces 0.43 kg of 
CO2/ kWh [DEFRA 2005] although the use of this actual figure is very open to debate1. 
Therefore, for a GSHP system with a COP of 4 the actual emissions per kWh would be
0.1075 kg CO2. This is lower than for natural gas, oil or indeed electric resistance 
heating [CIBSE 20042].
Reduced primary fossil fuel usage can be analysed by considering the Primary Energy 
Ratio (PER) which in this example is a measure of the total heating provided by one 
unit of primary energy. Table 2 summarises the calculations and findings of Rawlings. 
It is clear that GSHP systems, at least in heating mode, can reduce the primary energy 
demand by a significant proportion even with a low efficiency grid generation network. 
Rawlings suggests therefore that the primary energy ratio could be improved further 
with the matching of renewable energy resources to ground energy systems.
Table 2 Comparative PER of Conventional Heating and GSHPs (Based on a GSHP 
COP of 4) [Rawlings 1999]
System Primary Energy Ratio (PER)
Coal or Oil Fired Boiler 0.6-0.65
Gas Fired Boiler 0.7-0.9
Coal Fired Condensing Power Station (eff. 
0.42%) and GSHP
1.68
Gas Fired Combined Cycle Power Station 
(eff. 0.52%) and GSHP
2.08
Combined Cycle CHP Power Station (eff. 
0.89%) and GSHP
3.56
With Estimated Power Generation in the UK 
(eff. 0.35-45%) and GSHP
1.4-1.8
2.3.4 The Ground -  The important Aspects
The two main concerns for closed loop systems are the thermal conductivity (ks) and the 
thermal capacity (cp) of the ground [Rawlings 1999, Kavanaugh and Rafferty1997,
1 The indirect emission conversion factor of 0.43 kg CO2/ kWh has been fixed by 
DEFRA since 2000. This figure was initially calculated based on the generation mix 
from 1998-2000 and will be used until 2010. The generation mix varies over time and 
hence so does the CO2 indirect emissions so there is a strong argument that this figure is 
inaccurate but is used here to illustrate the indirect emissions from a BGES.
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Spitler et al 2000]. These two parameters and the density o f the geomaterial (p) are 
interrelated by the thermal diffusivity (a) which is the measure o f the grounds’ 
capability to conduct thermal energy relative to its ability to store thermal energy;
k
a  = — — [Rawlings 1999]
P'cp
Open Loop systems rely on the presence o f easily abstractable ground water from an 
aquifer or other underground cavity containing water. In addition it is necessary to 
consider the suitable injection of the water once used for cooling or heating [Kavanaugh 
and Rafferty [1997].
The three most important parameters o f an aquifer are the porosity, the specific yield 
and the permeability [Downing 1998, Sachs and Dinse 2000].
It is clear that the adoption of an open loop system is almost entirely dependent on the 
existence of certain conditions in the ground, and certainly more so than a closed loop 
system where it maybe possible to install such a system in any ground conditions 
although the performance thereon maybe variable.
2.3.5 UK Geological and Hydrogeological Specifics
Toghill [2000] has stated that “... geology of Britain is immensely varied, with rocks 
and structures representing over 2000 million years o f earth history”. Figures 10, 11 and 
12 highlight the variability of many aspects of the geology and hydrogeology 
throughout the UK. These maps are generalised to a certain degree and do not fully 
show how the geology and hydrogeology can vary much further on a more local level.
The ground in the UK is generally made up of a thin layer of superficial deposits such 
as clay or sand with the main bedrock underlying [Jackson et al 2004]. Figure 10 shows 
a generalised surface geological map for the UK.
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Rock and deposit type 
Sand and gravel 
Clay, sand and silt 
Pebbly silty clay 
Peat
Mudstone
Sandstone
Limestone
Sandstone and mudstone 
H  Meta m orphic rock 
Igneous rock
Figure 10 Surface Geology in the U.K. [Jackson et al 2004]
Below the superficial deposits and in some cases protruding to the surface is the 
bedrock. The variation in this case, see Figure 11, is more defined with bands of 
mudstone, sandstone and limestone in the south east to the dominant Metamorphic rock 
and Igneous rock in Scotland.
The variance in superficial deposits and bedrock has implications regarding the thermal 
conductivity and capacity. There are different databases available for desktop reviews 
of thermal parameters [VDI 4640 20042’3’4, Bose 1989] although it is also possible to 
complete in-situ thermal tests to confirm the actual thermal parameters [Austin 2000, 
Spitler et al 2000].
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Rock type 
Mudstone 
Sandstone 
Limestone
Sandstone and mudstone 
i i  Meta m orphic rock 
Igneous rock
Figure 11 Bedrock Geology in the U.K. [Jackson et al 2004]
Figure 12 shows an overview of potential aquifer productivity throughout the UK. This 
map was formulated by a review of over 105,000 water wells and local bedrock. This 
has certain obvious connotations for open loop systems; however, there is no indication 
without further research that “moderate” or “productive” flow is suitable for abstraction 
for BGESs. Groundwater in the UK is present almost everywhere, but whether it is 
suitable for extraction for drinking water or indeed for an open loop BGES requires 
detailed hydrogeological analysis [Freeze and Cherry 1979].
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Aquifer type
Fissure flow (Productive) 
Fissure flow (Moderate)
Inter granular flow (Productive) 
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Figure 12 Hydrogeology in the UK [Jackson et al 2004]
2.3.6 Historical Design Theory and Software
Most of the initial ground heat conduction theory associated with earth heat exchangers 
originated in the 1950’s. This work is detailed by Carlslaw and Jaegar [1959] and more 
specifically, and with relation to the use of a heat pump, by Ingersoll et al [1955]. This 
work was further developed and analysed in more detail with reference to the latest 
techniques in closed loop systems by Eskilon [1987]. Other notable contributions in the 
last 20 years in the field of closed loop BGESs can be found in Hellstrom [1991], 
Probert [1998], Spitler and Sanner [1999].
The work of Eskilon, Helstrom and Spitler in particular has led to release of a number 
of different software packages that simulate closed loop GSHPs. Rawlings conducted a 
review of such programmes, this is shown in Appendix A.
In terms of open loop systems the options are far fewer and generally the software 
packages used are those that have been modified for the calculation of groundwater
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conditions and flow. A number of these programs deal with heat flow and hence have 
the added advantage of being able to consider thermal energy storage.
The author has obtained copies of the following software package for research 
purposes:
© GLHEPRO (Closed Loop BGES software package)
© HST3D (Open Loop Aquifer Thermal Energy Storage software package)
2.3.7 Worldwide Research Summary
It would seem that the previous and current focus for worldwide research is the generic 
application and design of BGESs systems as opposed to the specific application within a 
certain country. The main areas o f research previously focussed on include soil 
classification, to enhance the optimisation and integration [Eklof and Gehlin 1996 and 
Austin 1998], thermal enhanced grouts to improve conductivity in closed loop systems 
[Remund 1999 and Kavanaugh and Allan 1999] and heat pump refrigerants [Granryd 
2005 and Halozan 2005].
The former two focus points have concluded with publications and methodologies that 
have been widely accepted throughout industry.
The most common refrigerant used in heat pumps has been R22 but this HCFC is due to 
be phased out by 2020, and as a consequence of a European Directive [EC No 3093/ 
1994], imports were banned from 1st January 2000. HFCs, such as R134a, R407C and 
R410A, are a short term solution as they still have a very high global warming potential. 
The natural refrigerants seem like the obvious solution but the operating characteristics 
are not ideal and in some cases, as with HC’s and ammonia, they are flammable 
[Granryd 2005].
2.4 Summary
It can be deduced through 2.1 and 2.2 that there is a policy and industry led driver to 
consider BGESs further in the UK context. Section 2.3 highlights the variability of 
approaches and performance that can be expected in differing applications and 
locations. Although the technology is popular in other countries, and the general design 
theory has been developed, there are still notable gaps in knowledge in the UK which 
would seem to be restricting the further adoption of BGESs.
Previous reports that have tried to focus on the UK include work by Rawlings [1999], 
sponsored in part by BSRIA and the EPSRC, and a study completed by ARUP on 
behalf of the DTI [DTI 2002]. The remaining gaps in knowledge are firstly linked to the 
geology and hydrogeology which although not inherently different to other countries is 
particularly variable over relatively short distances. This variability, along with UK 
specific historical aspects in the built environment, respective electricity emissions and 
costs, highlight a number o f engineering, environmental and economic uncertainties that 
have not yet been researched conclusively.
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3 Research Classification and Contribution to K nowledge
This chapter outlines the main research questions, methodology and the anticipated 
contribution to knowledge that the ongoing research will endeavour to approach.
From the literature review compiled in September 2005, it would appear that the future 
installation of BGESs in the UK warrants further research to consider the potential to 
reach similar levels of acceptance realised in other countries. The literature review 
concluded with a number of questions and related discussion. This led to a further 
characterisation of the research into a structured proposal led by a primary research aim:
To what extent can BGESs help the UK to meet its energy related 
ambitions (e.g. carbon reduction) and what conditions (e.g. future 
building design principles) are needed to maximise this potential?
This primary aim and question leads into a series of secondary aims and questions that 
address the engineering, environmental and economic aspects, please refer to Table 3 
for a summary.
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Table 3 Primary and Secondary Questions
Primary Question
To what extent can BGESs help the UK to meet its energy related ambitions (e.g.
carbon reduction) and what conditions (e.g. future building design principles) are
needed to maximise this potential?
Secondary Questions
1. Engineering Aspects
What is the technical potential for BGESs devices in the UK?
a. Where in the UK is the technology suitable and in what form, e.g. open/ 
closed?
b. Considering the existing and future building stock in the UK what is the 
estimated potential to install BGESs?
2. Environmental Aspects
What are the environmental impacts, positive and negative, of installing BGESs?
a. What are the CO2 emissions of BGESs, during manufacture and operation, 
and are they comparable or lower than other conventional systems and 
approaches?
b. Other than the engineering design aspects of the application what are the 
other factors that can affect the CO2 emissions, such as the electricity 
generating mix in the UK and location specific transmission losses?
c. What other environmental impacts exist such as the potential contamination 
to groundwater, and due to temperature variation in the ground.
3. Economic Aspects
What is the economic effectiveness of installing BGESs to reduce carbon emissions?
a. How does the initial capital investment relate to conventional technologies?
b. What are the operational savings, if  any, of installing BGESs versus 
conventional technologies?
c. What is the whole life cost of installing BGESs versus conventional 
technologies?
The overall methodology will be to focus on a number of case studies to analyse the 
design, procurement and operational phases of BGESs. To supplement this case study 
work a spatial review of the UK’s geology and hydrogeology will be completed along 
with a carbon dioxide life cycle analysis (LCA). The case study and supplementary 
work will provide invaluable information and data to answer the primary question and 
secondary questions.
The spatial review will seek to broadly classify certain areas of the UK according to 
certain variants of the technology, e.g open or closed loop, and performance. This will
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enable question la) to be answered. At present no research has been completed to 
identify the geological and hydrogeological spatial potential relating to different BGESs 
in the UK. Therefore, the research will aim to identify over what areas different 
configurations of BGESs can be installed and the relative performance in these different 
regions.
Current UK buildings are not unique and whilst some changes are required due to the 
introduction of government policy and respective Building Regulations, building 
principles may not change radically over the coming years. The contribution in this 
respect will identify how the current UK building stock, design principles and climate 
will affect the future popularity of BGESs. This piece of work will aim to answer 
secondary question lb).
A carbon dioxide LCA will enable a more thorough and methodical review of the 
cradle to grave effective emissions o f BGESs and enable secondary question 2a) to be 
answered. The author has been unable to identify any previous work in analysing the 
carbon dioxide life cycle emissions of BGESs. Whilst it is anticipated that the 
operational phase may dominate, what is unknown is the performance of these systems 
following installation and the anticipated future emissions considering the variation of 
the UK electricity generation mix (question 2b)). A clear contribution will be made by a 
case study approach to review the design and operational phases of BGESs in the UK, 
or countries with similar climates and context, and analysing the actual and projected 
performance. It may be apparent following the completion of the LCA that certain 
aspects of the BGESs during the lifetime have negligible affect on the cumulative 
energy use and emissions of the system e.g. the manufacture and installation phases 
compared to the operational phase. In this case it maybe possible to simplify the process 
further but until a life cycle review is carried out this cannot be confirmed. The other 
purpose of the LCA is to briefly review other possible important environmental impacts 
of the system (question 2c)). Although the research question is focussed on carbon 
dioxide it is unknown to what extent BGES installations will cause other emissions, 
affects to groundwater and material resource depletion.
A further unknown is the monitored operational cost savings of BGESs in the UK. The 
Net Present Value (NPV) method will be used as a basis for the economic review and to 
answer secondary question 3 a), b) and c). It is hoped that by reviewing the performance 
of a number of BGESs and considering how future electricity prices may fluctuate 
versus other conventional fuels, an accurate picture of the whole life cost can be 
developed. This will represent a contribution to knowledge by validating and 
contextualising the economic viability o f BGESs to reduce CO2 emissions in the UK 
built environment.
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4 Progress to Date
This section reviews the work completed or part completed so far, which in brief 
includes basic and detailed feasibility study work, pilot monitoring studies and carbon 
dioxide LCA methodology development.
In addition reference is made to a paper that has recently been submitted for a 
conference and journal, and a poster that was presented at the Eng.D. Conference held 
at Brunei University in September 2006, this is shown in Appendix B.
4.1 Feasibility Study Work
During the initial few months of research it became apparent through discussion with 
building services engineers in offices throughout the UK that although the concept of 
BGESs was known in its basic form there was very little experience of detailed design 
or application optimisation. To further the consideration of BGESs at the concept stage 
a pre-feasibility template report was completed. This is shown in Appendix C.
The report format has been used on several projects to date and has enabled project 
teams to evaluate the initial feasibility o f BGESs at specific sites and consequently 
make a decision on whether to proceed with more detailed design. It is thought that this 
template will be further reviewed and updated as the research progresses.
As a consequence of this feasibility work the decision was made to further the 
consideration of BGES on a number of projects. A brief review o f this work is 
presented in 4.1.1 and 4.1.2. In each case the work is still on going and not definitive in 
terms of the methodology or conclusions. The purpose o f this continued work is to 
apply current knowledge and raise further questions of the process, which is 
consequently outlined in 4.1.3.
4.1.1 Pilot Design Study 1 - Theatre
The Royal Shakespeare Theatre (RST) in Stratford-upon-Avon is being extensively 
refurbished. Due to recent Part L changes and the aspirations of the client, the Royal 
Shakespeare Company, a closed loop BGES was chosen to reduce the carbon dioxide 
emissions and operation costs of heating and cooling the new building.
Thermal Modelling was completed by Buro Happold for the main theatre using IES2. 
This provided the projected heating and cooling loads which are summarised in Table 4.
Table 4 RST Heating and Cooling Loads Calculated using IES
Heating
Peak l,100kW
IES: Building energy simulation software package widely used in the UK
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Total Yearly Heating 
Energy
877,000kWh
Cooling
Peak 339kW
Total Yearly Cooling 
energy
409,000kWh
Due to the difference in the heating and cooling loads and infrequent peak load 
utilisation, the research engineer advised that a bivalent BGES should be considered. 
BGES systems are commonly known to be more expensive per kW than conventional 
systems so minimising the installed size would potentially result in a reduced capital 
cost. The proposed BGES installation, although sized to cover approximately 30% of 
the peak heating load, would still be able to deliver over 80% of the building’s total 
heating and cooling load over the year. In doing so it would also be possible to 
completely eliminate the need for conventional cooling plant whilst conventional gas 
fired heating plant could be utilised to cover the relatively infrequent higher peak loads. 
This analysis was completed by spreadsheet interpretation of the hourly data to establish 
the base heating load and by considering the marginal benefit of increasing the size of 
the BEGS system in relation to the peak load.
The breakdown on the corresponding heating and cooling plant is shown in Table 5.
Table 5 RST GSHP and Conventional Load Breakdown
Heating
Peak 1.1MW
Conventional Peak Load 750kW
Conventional Heating Energy 184,600k Wh
GSHP Peak Heat 350kW
GSHP Heating Energy 692,400kWh
Cooling
GSHP Peak Cooling 339kW
GSHP Cooling Energy 409,000kWh
The local geology and limited space pointed towards the use of closed loop technology. 
It was advised by a specialist GSHP contractor that prior to making a final decision a 
ground response test was carried out to ascertain the exact in-situ parameters. This
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approach is further backed up the work of Spitler et al. [2000] and Shonder and Hughes 
[2000] in the USA. This was due to the estimated size of the GSHP system and the 
possible savings that could be made by confirming and understanding the relevant 
parameters.
The thermal test was carried out during January 2006 and the measured thermal 
conductivity from the in-situ testing was 1.69W/mK. The soil thermal capacity and far 
field temperature were deemed to be acceptable for the installation of a closed loop 
BGES. The expected thermal conductivity stated in the desk study by the research 
engineer was 1.90 W/mK.
GLHEPro was used to help calculate the size of the ground loop and consequent 
potential capital costs, carbon dioxide and operational reductions compared to more 
conventional technology also being considered in parallel. A summary o f the results is 
shown in Table 6.
Table 6 RST Summary
Predominant Geology Marl -  Mudstone
Estimated Bulk Thermal Conductivity 1.9 W/mK
Actual Thermal Conductivity 1.69W/mK
BGES Vertical Closed Loop GSHP
Size (kW) 349kW Heating/ 339kW 
Cooling
Length o f GLHE 60x100m Boreholes
Capital Costs Est. £350,000
Operational Savings £11,073/year3
Carbon Dioxide Reduction 108,889kg C 0 2/ year4
The benefits of the in-situ test were also considered versus using the desktop data. The 
in-situ data resulted in an increase in the length of the GLHE of 278.4m. This 
corresponds to a 5.4% increase in length or 2.8x 100m boreholes.
During stage D further detailed design will be needed to confirm the correct design 
strategy and implications of increasing or reducing the BGES capacity.
3 Q-j-
Operational Saving; Based on 1 year savings using current utility rates supplied by 
RSC.
4 CO2 Savings; based on CIBSE 20042
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4.1.2 Pilot Design Study 2 - New Build School
Stockport Academy is a new school being built to comply with new Part L Building 
Regulations and BGES was selected by the design team to help reduce the building 
emissions rate (BER) in conjunction with more passive design techniques. IES was 
again used to calculate the heating and cooling loads, the results are shown in Table 7.
Table 7 Stockport Academy Heating and Cooling Requirem ents Calculated using
IES
Heating
Peak 1670kW
Total Yearly Heating Energy l,187,000kWh
Cooling
Peak 460kW
Total Yearly Cooling Energy 333,000kWh
It can be seen that the heating and cooling loads are again noticeably different. What 
was also evident from further analysis was that the peak heat capacity utilisation was 
very low. This led the design to a bivalent system similar to that considered for the 
RST.
The geology and available space around the building was suited to a vertical closed loop 
BGES. Due to the short design and construction programme an in-situ thermal 
conductivity test was not advised at the feasibility stage of the project. This was due to 
the questions raised during the RST design on the usefulness o f the test data and the 
relative confidence in the prevailing geomaterial beneath the site5. If justified, the 
testing could be completed at the start o f the GLHE installation and modifications made 
at that stage instead.
Following data interpretation the system was optimised according to a number of 
factors. Firstly, to try to balance the heat rejection and abstraction to the ground over a 
year as this is noted to aid the reduction of the required length of the GLHE [Kavanaugh 
and Rafferty 1997]. Secondly, to reduce the need for conventional cooling plant and 
heat rejection which would provide a notable cost saving due to reduced plant and plant 
room sizing and finally, to reduce the simple payback for the additional costs for the 
bivalent BGES.
5 Borehole logs from the British Geological Survey (BGS) were made available for the 
site which gave a clear indication of the geology to a depth greater than 100m.
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Marginal benefit analysis was again used to review the benefits o f increasing the size of 
the BGES relative to the peak load requirement. A paper on this analysis and case study 
has been completed for presentation at ECOS 20076. This is currently awaiting peer 
review but the paper is shown in its present form in Appendix D.
The resultant loads for the bivalent BGES and conventional system are shown in Table 
8
Table 8 Stockport Academy BGES and Conventional Load Breakdown
Heating
Peak 1670 kW
Conventional Peak Load l,210kW
Conventional Heating Energy 538,799kWh
GSHP Peak Heating 460kW
GSHP Heating Energy 648,201kWh
Cooling
GSHP Peak Cooling 460kW
GSHP Cooling Energy 333,000kWh
GLHEPro was again used to allow comparison between the bivalent GSHP and 
conventional system. A summary of the results is shown in Table 9.
Table 9 Stockport Academy Summary
Predominant Geology Sandstone
Estimated Bulk Thermal Conductivity 2.2 W/mK
BGES Vertical Closed Loop BGES
Size (kW) 400kW Heating/ 460kW 
Cooling
Length of GLHE 54x100m Boreholes
Capital Costs Est. £440,000
Operational Savings £14,645/ year
Carbon Dioxide Reduction 100,602kg CO2/ year
6 ECOS June 2007 - Efficiency, Cost, Optimization, Simulation and Environmental 
Impact of Energy Systems, Padova -  Italy - www.ecos2007.dim.unipd.it
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4.1.3 Feasibility Study Discussion
A number of questions remain unanswered at this stage. Firstly, in both cases the 
suggested sizing was very dependent on the building modelling. Bordass [2001) and 
Bordass et al [2001] suggests that simulated and actual building performance can be 
vastly different. Therefore, is it possible to use this data as a design basis or should 
some form of sensitivity analysis be completed in conjunction with available 
benchmarks?
At the RST was the in-situ testing entirely justified or would it be possible to simply 
add a safety factor to account for anticipated variations between the actual and in-situ 
testing? Or as both systems are bivalent, can any marginal difference in anticipated and 
actual thermal properties be covered by conventional plant? Alternatively, could the 
testing take place at the start of the borehole field installation and any modifications be 
made accordingly to the design?
Carbon dioxide reductions were calculated using current data presented by the CIBSE. 
It is expected that the emissions and efficiencies for gas heating plant are unlikely to 
change markedly in future years. However, the generation mix for electricity is 
changing so how will the scenarios as put forward by RCEP, the DTI and others, affect 
the lifetime CO2 reduction potential?
Finally, what is the most applicable method to calculate the lifecycle cost of the bivalent 
BGES versus a conventional system? This is considering that variations in future energy 
prices could affect the economic viability of the system in the long term. Also, if  a Net 
Present Value (NPV) method is to be used what discount rate should be used and how 
robust are the capital costs estimates provided by the BGES contractors at the early 
stages o f the feasibility review?
These questions will be addressed in the next stages of research.
4.2 Pilot Monitoring Studies
It would seem that very little research has been completed on the operational 
performance o f BGESs either in the UK or worldwide. The reason for the limited 
validation work is thought to be because of the need to monitor the system over at least 
a 12 month period [Hitchin 2005 and Curtis 2007]. This is particularly true with closed 
loop BGES installations where the temperature entering the heat pump can vary 
considerably over a 12 month period.
An example o f this variation is shown in an output from a GLHEPro analysis for the 
RST, see Figure 13. GLHEPro allows the user to set limits on the model to prevent a 
drop in performance over a 20 year period as a result of lower input temperatures, as a 
result of a period of heat abstraction from the ground, or higher input temperatures, due 
to heat rejection. It can be seen that the entry water temperature (EWT) into the heat 
pump, i.e. the return temperature from the ground loop heat exchanger, varies
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considerably over a twelve month period. This consequently has a direct affect on the 
electricity used by the heat pump to provide a certain flow temperature to the building 
heating and cooling distribution circuits.
20
18
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
Figure 13 RST - Variation in Heat Pum p Entry W ater Tem perature (EW T) - Y ear 
10
With open loop BGESs and no UTES strategy Kavanaugh and Rafferty [1997] suggest 
that the input temperature is constant, that is, assuming no thermal interference between 
abstraction and injection wells. The design and modelling of ATES systems has 
previously been carried out using design notes [Bridger and Allen 2005] and software 
packages such as HST3D [Snijders 2005]. Again, very little validation work has been 
completed although over 400 such systems are known to be working in the Netherlands 
alone [Snijders 2005].
For the above reasons it is thought that there is a big driver to monitor a number of 
different BTES systems either in the UK, or as necessary, in a country with a similar 
climate.
Two such projects were chosen as pilot studies, primarily to consider the ease of gaining 
access to completed systems and to review the suitability of equipment to measure the 
BGES Coefficient of Performance (COP) over 12 months.
To test the BGES COP the following data points are needed
1. Heat delivered by heat pump(s) [kWh]
2. Cooling delivered by heat pump(s) [kWh]
3. Powrer consumed by heat pump(s) in heating mode [kWh]
4. Power consumed by heat pump(s) in cooling mode [kWh]
This is further explained in Figure 14.
Average EWT 
Min. EWT 
Max. EWT
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Qout
m
Heat
Pump
Figure 14 Heat Pump Model
Where;
Coefficient of Performance = COPHP = ^ 0UT
WHP
ZQSeasonal Performance Factor = SPFhp = — 0UTs w HP
Q OUT =  m -c p -("T-i ~  *f2 )
m = heat pump mass flow rate [kg]
cD = specific heat capacity 
p |_kg.K_
T = Temperature[°c]
Note : AT is positive in heating mod e, negative cooling mod e
4.2.1 Pilot Operational Study 1 - Small Office. UK 
A project summary sheet is presented in Appendix E.
Buro Happold were the Mechanical and Electrical consultant engineers for the new 
headquarters for the Yorkshire Dales National Park Authority which was completed in 
December 2005. A vertical closed loop BGES was installed to cover the entire heating 
load. The building was chosen due to the anticipated relative ease of obtaining access to 
both the building and M&E details.
The monitoring equipment was sourced through ClimaCheck who provide unobtrusive 
heat pump diagnostic tools. ClimaCheck suggested that the equipment could be used to 
measure the system performance, i.e. it would be possible to measure the combined 
performance of a number of heat pumps. On installation in became apparent that the 
equipment was indeed not suitable for measuring the system performance as only one 
compressor could be monitored at a time and as there were six compressors in total at 
the site the equipment would need to be replicated six times at great cost.
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At the time of writing discussions are under way with the project construction team to 
consider the installation of permanent inline measuring equipment which is more suited 
to long term system measurement of heating and cooling plant.
4.2.2 Pilot Operational Study 2 - Medium Sized Office. Holland 
A project summary sheet is presented in Appendix E.
HVL are an M&E contractor based in Holland. The headquarters in Dordrecht are 
heated and cooled using an ATES system. This installation was chosen as the company 
have already installed in-line sensors that enable the system performance to be 
monitored using a Building Management System. The building manager uses the data to 
optimise the system on a day-to-day basis and as yet no data has been collated to 
measure the long term performance, i.e. over a 12 month period. At present there is only 
one ATES system in the UK, the Westway Homes project in South London. The system 
has only just been installed and as the performance of ATES systems take at least five 
years to level out it is not deemed suitable for monitoring. The climate in Dordrecht is 
similar to that in the South East of England so the heating and cooling requirements are 
deemed to also be comparable.
Arrangements have already been put in place through IF Technology, a Dutch company 
specialising in open loop and ATES systems, to collect the required data from October
2006.
4.3 Carbon Dioxide Life Cycle Analysis (LCA) Methodology
The respective software tool and database proposed for this aspect of the research is 
GaBi 4.0 and Ecoinvent as they are thought most suited to this type of product and 
process. There are also a number of licences held at Surrey University and hence 
experience of its application. Ecoinvent has been reviewed and contains many standard 
components and flows relevant to BGESs such as heat pumps and electricity use in 
specific countries. At this stage the research engineer has completed a one week 
introduction to Life Cycle Approaches and, also, a one day GaBi 4.0 software course.
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5 Future Work
This section seeks to outline the various strands of work that are required to answer the 
research questions put forward in chapter 3.
5.1 Overview of Future Work
The current future research programme is shown in Appendix G. The research is 
broadly split into the following areas:
1. Geological and Hydrogeological Spatial Review
2. CO2 LCA Template Construction
3 . Future Electricity CO2 Emissions Template Construction
4 . Economic Template Construction
5 . Case Studies:
a. Design and Procurement Phases
b. Operational Phases
6. Data Collation and Rationalisation
7 . Conference and Journal Papers
8. Portfolio Reports
Firstly, a short overview is provided on the case study approach that will be used to 
complete the majority of the theoretical and empirical research.
There are two core elements of work that fall outside the case study review, namely, the 
geological and hydrological spatial review and the generic streamlined CO2 LCA. 
However, information and data gathered in the case studies will be used to characterise 
the required geological and hydrogeological conditions, as will simulation and actual 
performance data for the LCA.
5.2 Case Study Methodology
5.2.1 Case Study Summary
To gather information and data suitable to answer the research questions a case study 
approach has been chosen. There are three main phases during the lifetime o f the BGES 
system that have been identified to aid the process;
1. The Design Phase
2. The Procurement Phase
3. The Operational Phase
The intended outputs from each phase are summarised Table 10.
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Table 10 Design, Procurement and Operational Phase Outputs
Design Phase
Engineering Aspects: Simulated building energy use
Specific geology and hydrogeology review
Simulated BGES integration, Spatial requirements and 
performance
Environmental Aspects: Simulated CO2 reduction vs. Conventional Technology
Methodology for ensuring no other adverse effects such as 
cross contamination between aquifers and leakage of 
glycol to groundwater.
Economic Review 
Aspects:
Capital costs vs. conventional
Operational costs vs. conventional.
NPV Payback
Procurement Phase
Engineering Aspects: Modifications to design due to contractor preference
Economic Aspects: Capital Expenditure: procurement o f contractors
Value Engineering; Modifications to design to reduce size 
or integration potential, special features
Operational Phase
Engineering Aspects: Actual energy use
Maintenance schedule
Environmental Aspects: Actual C 02 reduction
Actual environmental effects - i.e. heat/ energy balance in 
ground short to long term
Actual occurrence of adverse effects such as cross 
contamination between aquifers
Economic Aspects: Actual Operational costs
Actual Maintenance costs
It is hoped that the most common forms of BGESs can be studied. The current proposal 
is to identify projects in the following categories:
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1. Closed Loop: Residential, 10-15kW Heating only capacity
2. Closed Loop: Small/ Medium commercial/ community building 
~100kW heating only or heating and cooling.
3. Closed Loop: Medium Commercial or educational building ~250kW 
heating and cooling
4. Open Loop or Closed Loop: Large commercial, e.g. Office ~500kW 
heating and cooling
5. Open Loop: ATES system -  heating and cooling
Due to the inherent length o f time for construction projects to pass from conception 
through to completion and operation it is accepted that it will be impossible to evaluate 
both the design and operation phases on individual buildings. A number of projects 
have and will be chosen from within Buro Happold to carry out the design phase 
investigation. This will maximise the level of access to information from members of 
the design team. Buildings will need to be chosen that are already completed and 
occupied for analysis of the operational phase. Data collection for the procurement 
phase will be obtained from a mixture of both sources i.e. from new and existing 
projects.
An update of the current projects identified for the case study analysis is shown in 0.
5.2.2 Design Phase 
Engineering Review:
Aside from geological and hydrogeological characteristics o f the site, the decision 
making may be limited by spatial or operational factors which will ultimately affect the 
strategy and size of system.
There is a clearly a market for the adoption of new plant in existing as well as new 
buildings. BGES technologies are suited to low temperature heating and high 
temperature cooling. In new buildings there is an opportunity to influence the design of 
the HVAC system and building fabric to suit. With existing buildings, the heat losses 
and gains due to the building fabric and installed HVAC system may prevent their 
rational application.
The geology of the UK is varied but the specific geology found is not necessarily 
unique. However, there remains a question as to where certain variants of the 
technology are valid. Certainly for open loop systems a suitably productive aquifer 
remains a key attribute, whereas the performance and strategic application of a closed 
loop system is primarily affected by other ground parameters.
To calculate the building demand side heating and cooling requirements IES will be 
used as the tool is already extensively used within the sponsor’s company. This will
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provide hourly heating and cooling profiles that will enable the interpretation and 
rationalisation of the design of the BGES. This will be aided using GLHEPro,
7 Rconventional software and design guides to aid design decisions. The building 
simulation is usually completed by a member of the design team for all major projects, 
so hence, it will not be necessary for the research engineer to spend a large amount of 
time creating and running building thermal energy models. It is still expected that the 
research engineer will have to interpret the models, including the assumptions and 
parameters used.
Environmental Review:
The anticipated lifetime of conventional plant and heat pumps is generally known to be 
15-20 years so it is proposed, taking into account forecasting from the RCEP [2000] and 
energy industry related sources, that the energy related scenarios are estimated up to 
2030. Each BGES will be modelled for a 20 year period.
Data has been sought from the DTI regarding the likely generation mix up to 2020 [DTI 
20061’ 2]. Using scenarios developed by the RCEP [2000] the generation mix will be 
forecasted up to 2030. This will enable the effective carbon dioxide emissions per unit 
of electricity (kg C02/kWhe) to be estimated up to this date so providing a more 
accurate assessment of the reduction potential versus conventional technologies over the 
lifetime of the BGES system.
Guidance will continue to be sought from the relevant authorities including, but not 
limited to, the Environment Agency and Local Planning Departments regarding the 
environmental affects such as cross contamination and the implications thereof.
Economic Review:
Again, forecasting will account for changes in respective energy prices up to 2030 to 
enable the modelling of BGES systems for a minimum of 20 years. Data has been 
sought from the DTI regarding expected price rises for gas, electricity and oil up to 
2020 [DTI 2007]. The DTI have provided 3 scenarios, low, medium and high, for the 
respective fuels.
Capital costs and comment will be requested from BGES companies to review the cost 
o f installation of the proposed system. To review the design phase economic viability it 
is proposed that a net present value template is constructed to optimise the sizing and 
integration of BGESs
7
Such as Microsoft Excel 
 ^ Such as those published by ASHRAE and CIBSE, Kavanaugh and Rafferty [1997]
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Further to the work carried out on Stockport Academy project, the work of Lovins 
[1996, 2004] will be reviewed to consider the optimisation and integration of BGESs.
5.2.3 Procurement Phase
Data collection from this phase will focus on the procurement path of BGESs. 
Information and advice will be sought through Asset Management team within Buro 
Happold and this information will ideally be confirmed through the realisation of a 
range of projects during the research period. In addition, further cost data will be sought 
through dialogue with industry.
5.2.4 Operational Phase
During this phase access to completed buildings will be needed and hence necessitate 
significant liaison with occupiers and building managers. Numerous enquiries have 
already been made with building owners and also contractors who have installed or are 
installing BGESs. Although some difficulties have been experienced due to the now 
accepted requirement to install obtrusive meters it is hoped that through collaborative 
working and a willingness to share data streams the process will benefit not only the 
research objectives but also third parties including the specialist contractors and 
building and estate managers.
The assessment must review the performance of the BGESs over 12 months to consider, 
both the COP of the system during certain periods of the year as well as the overall 
seasonal performance.
5.3 Carbon Dioxide LCA
It would appear that a carbon dioxide LCA offers the best opportunity to reduce the 
time spent carrying out the LCA whilst maximising the value of the desired outcome, 
i.e. to calculate the cumulative CO2 emissions over the lifetime of the BGES 
installation. It is also important to note that nearly all LCA studies include some form of 
simplification due to a lack of specific data or due to assumptions made in normalising 
results.
According to ISO 14040 [1997] the four main phases o f any LCA are goal and scope 
definition, life cycle inventory analysis, life cycle impact assessment and life cycle 
interpretation. SETAC suggest that the first phase should not be simplified whilst the 3 
remaining phases can be simplified by the following 3 steps;
1. Screening; a method of initially identifying key issues in a life cycle of a product
2. Simplifying; identifying and reducing insignificant data collection or impacts 
not relevant to the respective research.
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3. Assessment Reliability; if  generic data or estimates are used then it is important 
to perform sensitivity analysis to ensure that any assumptions that are made are 
valid and justifiable.
By screening it will be possible to identify and investigate energy related impacts either 
in isolation or in the context of other similar studies of heating and cooling installations. 
This process will be iterative and will remain active as the LCA is progressed. 
Simplifying will encompass a review o f the inventory analysis, impact assessment and 
interpretation phases.
The life cycle assessment phase will largely be simplified as a result of the goal and 
scope definition, i.e. the focus on energy use and generation o f BGESs, and certain 
impact categories, i.e. the resultant CO2 emissions from BGESs. Undoubtedly there will 
be a feedback loop at this point to the screening phase to identify the importance of 
certain data omissions or estimates on the assessment process.
In essence the interpretation phase is not needed for this body of research. It is 
envisaged that the goal and scope will state that referenced assumptions regarding the 
end point effects of energy use. The LCA is acting as a method to review certain 
cumulative inputs and outputs throughout the lifespan of BGESs with the 
acknowledgement that CO2 emissions are detrimental to the environment per se but the 
extent of which will only be noted with reference to the UK’s CO2 reduction related 
targets. It is not necessarily deemed within the scope of the study or body of research to 
question the UK’s CO2 ambitions but simply to highlight the related environmental 
inputs and outputs o f BGES installations.
An indicative flow chart for a BGES has been completed and is shown in Figure 15. 
The first stage will entail constructed and verifying a base BGES LCA using typical 
reference flows and components. This phase may identify significant data gaps. It is 
hoped that through the parallel case study work and by contacting relevant companies 
that these will be sufficiently addressed.
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Figure 15 Indicative Carbon Dioxide LCA Flowchart for BGESs
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5.4 Spatial Review
The aim of the spatial review is to characterise the geology and hydrogeology 
throughout the UK. The British Geological Survey (BGS) has a library of geological 
and hydrogeological data which will be used as a source to review the potential of 
BGESs in certain geological and hydrogeological conditions. Data will also be used 
from the VDI (20042’3’4], the GLHEPro data set and Kavanaugh and Rafferty [1997].
Although it will not be possible to absolutely identify the potential at specific locations 
the review will establish according to geology and hydrogeology maps and data the 
areas where BGES technologies can be installed and the corresponding anticipated 
performance.
A MEng student from Surrey University is aiding the spatial review as part of a final 
year project. The extent of the input is to be confirmed following completion in May
2007.
5.5 Future Papers and Publications
One of the methods of demonstrating a contribution to knowledge is through the 
submitting research to a peer reviewed journal. It is a requirement o f the Eng.D. 
programme that at least two papers are published. This process has in part been started 
by submitting a paper to the conference ECOS 2007. According to the measured 
strength of this paper the organisers will recommend the paper for consideration in 
either Energy -  The In ternational Journal, or The International Journal o f  
Thermodynamics.
A second paper is being considered to present the findings o f the spatial geology and 
hydrogeology review. It is likely that this paper will be submitted to a geology focussed 
journal such as the Quarterly Journal o f  E ngineering G eology & H ydrogeology.
A third potential journal is being considered to present the findings o f the Carbon 
Dioxide LCA. A target publication for this work is The International Journa l o f  LCA.
Finally, a paper is being considered to present the findings of one or all o f the 
operational phase projects with the target publications being A SH R A E  Transactions or 
Energy in Buildings.
The timescales for submission are highlighted in Appendix G and are linked into the 
completion o f the respective tasks.
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Appendix A. Software Packages for BGESs
Commercially available software packages for closed loop BGESs [Rawlings et al 
19991:
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Commercially Available Software for Open L o o p  BGESs 
(www.scisoftware.com):
® HST3D [Distributed for free by the US Geological Survey)]
• SUTRA 3D 
® AQUA3D
• FEFLOW 
« SVHEAT 
« SWIFT
• TRANYSYS
Appendix B. Eng.D. Conference Poster
Not included - see 18 month report
Appendix C. Pre-Feasibility Template Report
Not Included -  see appendix of 6 month report.
Appendix D. ECOS Conference Paper
Not included -  superseded by Energy, Int. J. paper.
Appendix E. Pilot Study Information Sheets
Not Included - superseded
Appendix F. Project Matrix
Not Included - superseded
Appendix G. Eng.D. Gantt Chart
Not included
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1. Addendum Introduction
This addendum to the twenty four month dissertation has been completed to clarify and 
review the ongoing research plan and objectives as a result o f the viva interview on the 
21st May 2007.
2. Back-casting of Project
This section seeks to back-cast from the desired conclusions of the portfolio to analyse 
the evidence and research required from the remainder of the research programme. 
These conclusions are driven by the engineering, environmental and economic 
secondary questions as stated in Table 3 of the 24 Month Dissertation. These questions 
have been reviewed following the viva interview with consequent realignment to a 
modified primary research question and objective. This new primary research question 
has been developed to reflect both the intentions of the work more accurately and to 
allow a less subjective outcome;
In  the context o f  the U K  built environment, including relevant governm ent legislation  
and  regulatory body guidelines, w hat is the engineering and  econom ic po ten tia l o f  
Building G round E nergy System s and  the optim um  design approach to reduce CO 2 
emissions?
Each revised secondary question is now taken in turn and the intentions and 
implications thereon, in terms of the outstanding research that is necessitated, is 
detailed.
2.1. Engineering Aspects
a) In  relation to the geology and  hydrogeology in the UK w here are certain variants o f  
the technology appropriate and  w hat are the relative perform ances in different 
locations?
The intention is to complete a spatial review of the UK and to take a number o f typical 
building types and be able to say that in this particular region the optimal BGES will 
either be open or closed loop. The BGESs will be broadly characterised by a ground 
side system of a certain size or range, capital cost between X and Y and respective 
operational economic and environmental performance.
Implications to continuing research: The process for this question is shown 
diagrammatically in Appendix 2. The country will be broken down into commonly 
noted regions, e.g. South East, Wales etc., and the geology and hydrogeology broadly 
characterised in each area. The next stage, Level 2 of the spatial review, will enable an 
evaluation of example applications in relation to the specific geological and 
hydrogeological units and the salient features thereon of the BGES installation. This 
will include, for example, the external space required, capital expenditure, potential 
operational running costs and carbon dioxide reduction. ArcGIS will be used to present
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the relevant geological and hydrogeological features through out the UK. This is a 
Geographical Information System tool that allows information and data to be organised 
spatially according to certain features or areas. The software tool has been chosen 
principally because it is used within Buro Happold and also because a student licence 
can be obtained from the University. The software is well established in the market 
place and the research engineer is not aware of any features of similar software 
packages that would be particularly beneficial to the research.
b) In w hat applications are certain variants o f  the technology appropriate; including  
variations o f  building type a n d  construction, occupation and  building services strategy?
The desired outcome will be a decision making tool which can be used by building 
services engineers to formulate the approach to considering BGESs in UK buildings.
Implications to continuing research: Input from the design and procurement case studies 
will continue to be used to research the most appropriate way to integrate the 
technology in different applications. Completed thermal building models will be used, 
along with the software package, GLHEPro, to analyse closed loop BGESs and bespoke 
spreadsheets to analyse open loop BGESs. Attention will be given to review the impacts 
on the heating and cooling loads in relation to possible changes in climate within the 
lifespan of the system. Operational post occupancy evaluation case studies will be used 
to verify the anticipated performance in different applications including attention to the 
seasonal coefficient of performance, commissioning setup, controls and occupancy.
2.2. Environmental Aspects
a) W hat are the CO 2 em issions o f  BGESs, during m anufacture and  operation, a n d  are  
they comparable or lower than other conventional system s and  approaches?
The purpose is to be able to establish and apportion the lifecycle emissions of CO2 to 
different stages of the BGESs. In conclusion the intention is to be able to quantitatively 
state, within a range, what systems and stages emit more CO2 .
Implications to continuing research: A carbon dioxide life cycle analysis (LCA) is to be 
completed using GaBi4.0 to review at least two different but typical BGESs, one closed 
and one open looped. It is thought that this will prove the carbon dioxide emissions bias 
towards the operational phase. If there are significant relative emissions during other 
phases of the lifecycle then this will trigger respective consideration in the design 
process.
b) Other than the engineering design aspects o f  the application w hat are the other  
fa c to rs  that can affect the CO 2 emissions, such as the fu tu re  electricity generating  m ix  
in the UK?
The intent is to be able to say that considering certain future generating scenarios the 
potential to reduce CO2 emissions during the operational phase by installing BGESs in a 
range of applications will be x%, y% or z%  etc.
Page 2
24 Month Dissertation Addendum -  June 2007 James Dickinson
Implications to continuing research: The calculations of operational emissions will be 
aided using an electricity carbon dioxide emissions prediction model constructed using 
data from the Department of Trade and Industry and other literature. This will predict 
the future effective CO2 emissions per kWh assuming four principal scenarios outlined 
by the DTI. These scenarios are outlined in Figure I.
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Figure 1 Projected Carbon Dioxide Emissions per kWh o f  Electricity
c) What other environmental impacts exist such as the potential contamination to 
groundwater, and due to temperature variation in the ground.
The intention is to be able to state which processes and considerations must be taken 
into account to follow legislative requirements and other best practice guidelines.
Implications to continuing research: This requires the consideration during both the 
design and operational POE phases. Consultation with the Environment Agency is 
ongoing concerning the regulation that is presently in place along with any future 
regulation that is being considered. There are no plans at this stage to conduct any in- 
situ testing on existing sites. The research will be primarily aided by reference to 
existing research by other parties and communications made by the EA, Scottish 
Environment Protection Agency (SEPA) and Environment and Heritage Service of 
Northern Ireland (EHSNI) either in terms of generic guidance or in respect of specific 
projects.
2.3. Economic Aspects
What is the economic effectiveness o f  installing BGESs to reduce carbon emissions?
The intention is to be able to review the life cycle (cash) cost of BGESs and relate these 
to carbon dioxide emissions. In conclusion it will be possible to state that this BGES 
installation in this typical application will reduce CO? emissions by x% versus capital 
expenditure in the first year and over its lifetime at a cost of £Y/ kgCC>2 saved.
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Implications to continuing research: To review the economic effectiveness an economic 
template model will be constructed based on the Net Present Value (NPV) method. This 
is a common method used to analysis the lifecycle cost of projects and investments. 
This will enable the whole life costing of the BGES to be compared to more 
conventional systems, inclusive of the capital, and operational phases o f the projects. It 
will allow analysis o f the most cost effective solution to obtain carbon dioxide savings 
based, for example, on the cost (capital) per kg of CO2 saved within the first year of 
operation. Predictions are being concluded using DTI input to estimate a number of 
different price scenarios for electricity and competing fuels. This will help to balance 
decision making during the design phase where the economic viability o f a more capital 
expensive BGES plant is often reviewed versus the potential savings during the 
operational phase.
3. RIBA Plan of Work and Case Study Research
During the dissertation reference is made to the stages, e.g. stage C, D etc., o f a 
buildings design and construction process. These stages relate to the RIBA Plan of 
Work (Philips 2000). The positioning of the research focus o f the design, procurement, 
commissioning and operational phases of the BGESs is shown diagrammatically in 
Appendix A.
Design and procurement projects are defined as those projects the research engineer will 
use to review the design process of BGESs and the consequent technology procurement, 
including the tendering and contract letting o f the BGES to the specialist contractor. 
This is as opposed to the procurement of the overall building(s) which is ultimately a 
much longer process starting at project conception, i.e. Stage A onwards.
Operational phase projects are defined as BGESs installed in buildings that are already 
occupied and in use. The purpose is to monitor the performance of these systems as they 
have been installed and commissioned, i.e. as part of a post occupancy evaluation (POE) 
of the system. This will help to validate design decisions and also establish the existing 
performance of typical systems in different applications in the UK. Reflection will be 
possible on the quality of the commissioning process to review whether the performance 
has been optimised in these case studies.
It is accepted that an important part of the overall evaluation of BGESs in the built 
environment is the commissioning process. It hoped that a number o f the design and 
procurement case studies will be used to analyse this process. In the event that 
commissioning is not complete on certain projects it will be possible to draw upon 
operating phase projects to review this process further.
4. Contingency Plan Analysis
A significant part of the operational phase research focus is currently directed towards 
setting up in-situ obtrusive monitoring to analyse the post occupancy performance 
(POE) of BGESs over a 12 month period. Confirmation is still being sought regarding
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the potential installation of sensors at a number of sites. Due to the ongoing problems 
with this in-situ monitoring two alternative research paths for this phase have been 
devised.
4.1. Contingency Plan A
The first contingency plan will involve taking a number of short term measurements in 
buildings with BGESs over a 12 month period using unobtrusive monitoring sensors. 
Electricity billing for the year in the building can be further reviewed, including gas 
billing if the BGES is a bivalent installation, and usage apportioned to the heating and 
cooling from the BGES. This combination will still give a reasonable review of the 
BGES performance over a 12 month period although more in depth seasonal 
performance fluctuation analysis will not be possible. Unobtrusive monitoring sensors 
have previously been evaluated and the costs associated with hiring this equipment is 
not thought outside the research budget.
4.2. Contingency Plan B
In the event that short term access to buildings with BGESs is still too onerous either in 
terms of the cost or acceptance by the building occupiers a further alternative is to use 
previous POE work to validate design case building energy models. The BGESs 
modelling will necessitate more detailed consideration of manufacturer’s data and 
specifications to calculate the operational performance. POE research has been carried 
out previously on a number of buildings within Buro Happold and will form a basis for 
evaluating design phase models completed using IES software.
The decision to move forward with Contingency Plan A is thought to be needed by 
31/08/07 if the preferred monitoring proposal is not successful. This is due to the 12 
month period to conclude the monitoring and consequent time to rationalise the data in 
time for writing up the final thesis.
The decision to go to Contingency Plan B will need to be taken after three months from 
initiating Contingency Plan A (i.e. Contingency Plan B may be triggered on 01/01/08).
Both Contingency plans have been added to the revised Gantt chart in Appendix C.
5. References
Philips R., 2000, The Architects Plan of Work, 2000 Edition, RIBA Publishing
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Appendix B -  RIBA Plan of W ork
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1 Introduction
This report summarises the progress made up to 30 months. The report is split into the 
following sections:
Section 2: Objectives Overview
This section provides an update on the objectives previously outlined in the last annual 
report in October 2006 and also, the 24 month Dissertation, Viva and Dissertation 
Addendum.
To conclude, the objectives leading up to 36 months are stated.
Section 3: Module Review
The module review briefly covers the modules completed since the last 6 month report. 
These include Environmental Law and Environmental Auditing modules completed for 
the Engineering Doctorate programme and also, the Postgraduate School of Industrial 
Ecology course in LCA.
Section 4: Research Update
This chapter provides an overview of the research completed specific to the authors 
primary research objectives. To supplement the 24 month report previously submitted a 
brief review of the viva presentation and consequent addendum is given. Following this, 
the section is divided between discussion centred on progress regarding the case study 
projects, LCA and spatial review work.
Section 5; Conferences/ Journals
This chapter reviews previous conferences and papers completed. The author submitted 
a paper to the peer reviewed conference, ECOS 2007. This was accepted and presented 
in June 2007 in Padova, Italy. The chapter concludes with discussion on the latest 
journal papers proposed.
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2 Objectives Overview
2.1 Previous Objectives
The following objectives were outlined in the last annual review in September 2006: 
c Complete Detailed Methodology
® Start and complete first Streamlined LCA on a simple closed loop BGES
® Start monitoring for all case studies
® Prepare and submit Journal Paper
The detailed methodology was completed and submitted as part of the 24 month report 
and respective addendum.
Section 4.3 provides a review of progress made regarding the LCA work, including a 
paper submitted for an external LCA course.
Monitoring has started on all but one of the proposed projects which is due to start by 
the end of October. More information regarding these projects and the operational and 
procurement projects is provided in 4.2.
A paper was submitted and accepted for ECOS 20071. The title was:
“The Economic and Environmental Optimisation of Integrating Ground Source Energy 
Systems into Buildings.”
The paper was presented at the conference in June 2007 and a copy of the paper as 
presented in the respective proceedings is shown in Appendix A.
2.2 Ongoing Objectives
The following objectives are proposed leading up to 36 months:
1. Complete and submit a journal paper to a peer reviewed publication.
2. Complete Carbon inventory for a BGES using scenario analysis for 
operational phase, including sensitivity analysis on building heating and 
cooling estimations and also, carbon factors for electricity over the 
lifetime of the system.
1 ECOS 2007 -  Efficiency, Cost, Optimisation, Simulation and Environmental Impact 
of Energy Systems -  20th International conference, Padova, Italy June 25-28.
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3. Complete basic GIS tool to review geology and hydrogeology at a 
particular location. Begin work on look up tables to enable pre-feasibility 
review of BGES performance.
4. Start monitoring at final BGES installation
5. Complete framework for analysis of monitoring sites including 
engineering, economic and environmental aspects.
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3 Module Review
3.1 Corporate and Social Environmental Responsibility
Dates: 20-24/11/07
Grade: 72%
Assignment Review
The first part of assignment reviewed two recent articles that the author had identified. 
These articles, from the Guardian and Observer were critically reviewed to draw out the 
key relevant CSR concepts. The first article detailed the recent trend towards greening 
the hotel industry. The second article was an interview with the CEO of Nestle where 
the interviewer tried to draw out how Nestle were changing their working practices to 
become more socially responsible.
The main part of the assignment sought to discuss the following statement:
“Corporate Social Responsibility is dangerous for the long-term survival o f a company 
as it diverts attention from what companies should be doing, namely to make profit for  
its owners. ”
Basic economic theory, such as supply and demand curves etc., were used to explain 
how CSR could affect the profitability of the firm both in a negative and positive way. 
In conclusion it was difficult to argue strongly against or for the statement as the 
different tools of CSR can produce differing results depending on their application. 
Also, short term loses should be considered versus long term benefits and the image to 
the employee is equally important as the image to the consumer.
Although an interesting module there was limited relevance to the main research goals 
of the author.
3.2 Environmental Auditing and Management Systems
Dates: 05-09/03/07
Grade: 62%
Assignment Review
The main focus of the assignment was an environmental audit of Denbies Vineyard in 
Surrey which followed a site visit during the taught week of the module. This included a 
review of the existing environmental programme focussing on the positive and negative 
aspects of the site and also previous attempts by the management staff to improve the 
environmental performance at the site. The report concluded in a review of the 
applicability of an Environmental Management System at the site and the best ways to 
progress the introduction thereon.
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This module enabled the author to consider the appropriateness of certain building 
focussed environment technology fixes that are relevant to the context of the main body 
of research. It also provided an insight into how companies perceive the environment as 
part of the overall strategy; whilst there are aspirations to be “green” there are also 
necessary realisms regarding the financial implications of changes to the operation.
3.3 Environmental Law
Dates: 14-18/05/07
Grade: 65%
Assignment Review
The assignment brief was to discuss how the principles of sustainable development 
could be implemented in law. The paper began by exploring the problems of enforcing 
environmental law in sustainable development practice, this being particular difficult 
considering the objectivity of law and the sometimes perceived subjectivity of the 
definition of sustainable development.
The author choose to focus the assignment on the implications of recently imposed 
Energy Performance in Buildings Directive on UK legislation. The discussion was 
initially developed to review how the precautionary principle, in particular relation to 
the impact of carbon dioxide emissions, was applied in EU Directives and filtered down 
to national building legislation. The specific problems of enforcing design and more 
importantly operational performance was highlighted as a major concern as it became 
clear that there are no real precedents of building owners and/or occupiers challenging 
building designers.
In conclusion it was suggested that SD should be implanted at the very root of all EU 
Directives to ensure that there is a considered initial balance and hence no consequent 
conflict between environmental, social and economic objectives of different stakeholder 
groups.
This module had particular relevance to the wider context of the main body of research. 
One of the major drivers of implementing ground energy systems in the built 
environment is recent Building Regulations from 2006 that stipulate that new and larger 
refurbished buildings must be designed to reduce carbon dioxide emissions by 25% 
versus notional building designed according to Building Regulations published in 2002. 
BGESs are one of the active technologies that can be used to reduce the carbon dioxide 
emissions in buildings.
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4 Research Update
4.1 Viva/ Addendum and Research Objectives Clarification
The Viva interview took place on 21st of May 2007. The internal examiner was Chris 
France (UniS CES) and the external examiner was Iain Cooper, a leading building 
industry consultant.
The slides from the viva are shown in Appendix B.
During the viva presentation the research engineer presented a flow diagram, see Figure 
1, which provided an overview of the research proposal.
£/kWh Projections
C 0 2/kWh Projections
(GaBi with Ecoinvent)
BGES Life Cycle 
Costing :
Case Studies
^  Design/ Procurement
Operational
Data Collation and 
Rationalisation
j Secondary Research 
Questions
Primary Research 
Question
Contributions to
BGES Spatial R eview ' 
(ArcGIS)
BGES Design 
Methodology
Figure 1 Research Flowchart
The research remains focussed on a number of case studies. Firstly, a number of 
projects which continue to be tracked within Buro Happold which will form the focus 
for the design and procurement phases of the technology consideration in the built 
environment. Secondly, operational projects have been identified outside the Buro 
Happold portfolio to provide data on the actual performance of these systems.
Figure 1 shows how the case study work feeds into the responses to the secondary 
questions. The main aspects of the secondary questions are engineering (i.e. BGES 
Spatial Review and BGES Design Methodology), environmental (i.e. BGES CO2 LCA)
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and economic (i.e. BGES Life Cycle Costing). In answering these secondary questions 
it then becomes possible to answer the primary research question.
The examiners highlighted the perceived difficulty in answering the primary question as 
it stood. The question is very broad and hence it will be difficult to answer accurately 
either quantitatively or qualitatively.
Further questions were raised regarding the fall back plan if the operational monitoring 
projects did not go ahead and also regarding the exact positioning of the design and 
procurement projects in the RIBA plan of work.
Following the viva interview the examiners asked for an addendum to the dissertation to 
cover some of the questions raised and to clarify the research objectives. This is 
provided in Appendix C for reference.
In brief the Primary and Secondary Research Questions have been modified to be as 
shown in Table 1.
Table 1 Revised Primary and Secondary Research Questions 
Primary Question
In the context o f the UK built environment, including relevant government legislation 
and regulatory body guidelines, what is the engineering and economic potential o f 
Building Ground Energy Systems and the optimum design approach to reduce CO2 
emissions?
Secondary Questions
Engineering Aspects
a) In relation to the geology and hydrogeology in the UK where are certain variants o f  
the technology appropriate and what are the relative performances in different 
locations?
The intention is to complete a spatial review of the UK and to take a number of typical 
building types and be able to say that in this particular region the optimal BGES will 
either be open or closed loop. The BGESs will be broadly characterised by a ground 
side system of a certain size or range, capital cost between X and Y and respective 
operational economic and environmental performance.
b) In what applications are certain variants o f the technology appropriate; including 
variations o f building type and construction, occupation and building services strategy?
The desired outcome will be a decision making tool which can be used by building 
services engineers to formulate the approach to considering BGESs in UK buildings.
Environmental Aspects
a) What are the CO2 emissions o f BGESs, during manufacture and operation, and are
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they comparable or lower than other conventional systems and approaches?
The purpose is to be able to establish and apportion the lifecycle emissions of CO2 to 
different stages of the BGESs. In conclusion the intention is to be able to quantitatively 
state, within a range, what systems and stages emit more CO2 .
b) Other than the engineering design aspects o f the application what are the other 
factors that can affect the CO2 emissions, such as the future electricity generating mix 
in the UK?
The intent is to be able to say that considering certain future generating scenarios the 
potential to reduce CO2 emissions during the operational phase by installing BGESs in a 
range of applications will be x%, y% or z% etc.
Economic Aspects
What is the economic effectiveness o f installing BGESs to reduce carbon emissions?
The intention is to be able to state which processes and considerations must be taken 
into account to follow legislative requirements and other best practice guidelines.
4.2 Case Study Projects
This sub section provides a brief overview of the progress made regarding the case 
study projects. An overview of the currently identified case studies is provided in 
Appendix D.
Design and Procurement Studies
Four projects have now been identified to analysis, these are listed below. A further 
project may be added an appropriate and significant application becomes available 
within Buro Happold. Two such projects are currently being tracked and if the design of 
a BGES moves forward beyond the initial feasibility stage on either project it will also 
be analysed.
Stockport Academy, Greater Manchester 
BGES Configuration -  Vertical Closed Loop 
RIBA Stage - F
The research engineer has been involved in the design and integration of the BGES 
from RIBA stage D. The technology approach was optimised to reduce the first capital 
cost and simple payback using a bivalent heating system. It was necessary to complete a 
design review for the client, i.e. the DfES, to detail the economic feasibility of the 
BGES. The borehole field has now been completed with the fitting out of the plant room 
with respective heat pumps and circulation pumps will be completed over the next 6 
months.
Royal Shakespeare Theatre, Stratford-upon-Avon
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BGES Configuration -  Vertical Closed Loop 
RIBA Stage - E
This major refurbishment project has been highlighted in previous 6 month reports 
completed by the research engineer.The project is currently going through a detailed 
costing phase to establish the total build cost. One of the outcomes of this process will 
be to confirm the inclusion of the BGES. Initial indications suggest that the BGES will 
be deleted from the final scheme on cost grounds. However, due to the detailed 
geological study and optimisation process by the research engineer to reduce the capital 
cost and improve the operational performance the project remains a valid case study for 
the research.
City o f Westminster College, London 
BGES Configuration -  Open Loop ATES 
RIBA Stage - D
Following an initial desktop study of the site, including a review of the geological and 
hydrogeological sequence, a further pump and discharge test is being proposed. This has 
proved to be a particular interesting aspect of the research. The Environment Agency 
(EA), the regulatory body for all abstraction and discharge licences in the England and 
Wales, do not as yet have firm guidance on open loop BGESs. There is a process that 
has been broadly outlined by the research engineer following consultation with the EA. 
This is shown in Figure 2 . At the time of writing the pump and discharge test 
specification had been completed and had been issued to five prospective contractors. 
This will ultimately prove or otherwise the ability to abstract a significant yield for the 
BGES. The ability to store heat and coolth in the ground will be realised following 
thermal modelling to be carried out by a specialised 3rd party.
Further than just contributing to the heating and cooling requirements of the building 
the research engineer has proposed that a proportion of the abstracted groundwater is 
also used for non-potable water use in the building. The feasibility of this will be proved 
again following the testing phase and discussion with the EA.
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1. Initial EA Contact 
and Com ment
2. WR32 “Application 
to Investigate a 
Groundwater Source" 
&
“WR32 Supplement 
for GWHP” schem e
toJZ
c©
cn
t00
©
£
toto©oo
3. W ater Features 
Survey if required.
..................
4. Re-evaiuation of 
WR32
5. Pumping Test
6. Final Application: 
Abstraction Licence 
Discharge Consent
EA R equest for more information
7, EA licence and
consent decision
Figure 2 Abstraction and Discharge Application Process Time
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Reading Civic Centre
BGES Configuration -  Open Loop ATES
RIBA Stage - C
The existing Civic Centre in Reading is to be demolished and replaced with a new 
building. The research engineer has completed an initial geological and hydrogeological 
study using information from the BGS and the EA. There is very little external space 
and the footprint of the building in relation to the estimated heating and cooling loads 
mean there is very little potential for closed loop BGES technology. There is however a 
precedent for abstracting water in the area, predominantly for drinking water but also by 
local breweries. A Water Prognosis Report obtained from the BGS outlined the 
potential for efficient groundwater abstraction due to the near surface chalk aquifer. The 
project is now at RIBA stage C and the next step will require an in-situ test to confirm 
the available yield.
Operational Projects
At this stage it has not been necessary to consider a move to either the contingency 
plans noted in the 24 month dissertation addendum as monitoring is now active on 3 
sites, briefly outlined below. A forth and final monitoring site is to be set up on a 
residential property in Oxfordshire following confirmation from the building owner and 
occupier.
It still remains the intention of the research engineer to gather performance data from 
3rd party organisations to supplement the performance data gathered at the below noted 
sites. Discussions have however proved unsuccessful so far and it is believed that this 
may not prove to be the most impartial method to collect data.
HVL Headquarters -  Doredecht, Holland
BGES Configuration - Open Loop Aquifer Thermal Energy Storage
Monitoring started in November 2006 using an existing metering system installed in the 
building. The data is being collected in collaboration with a Dutch ATES specialist -  IF 
Technology.
Eco Centre -  Southport, Merseyside 
BGES Configuration - Vertical Closed Loop
Monitoring started in Mid August 2007 using the Pico Technology Enviromon 
monitoring equipment.
The Monitoring schematic is shown in Figure 3.
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Southport Ecocentre
GSHP
Figure 3 Southport Ecocentre GSHP Monitoring Setup
Temperature sensors have been located on the ground side supply and return and also 
supply and return from the heat pump. Current clamps have also been installed on each 
phase of the compressor to monitor heat pump power. The flow rate on both the ground 
and building sides of the heat pump will be measured using ultrasonic flow meters. This 
will further back up flow rates interpreted from the pump power curves.
CTS Office -  Woodbridge, Suffolk
BGES Configuration - Horizontal Closed Loop
Monitoring started at the start of September 2007 using the Pico Technology 
Enviromon monitoring Equipment as at Southport and shown in Figure 3.
4.3 LCA Work
The research engineer has completed the Postgraduate School of Industrial Ecology 
(PSIE) course in LCA. This included two intensive study weeks in January and June 
2007. The final assignment required each student to complete a LCA paper suitable for 
possible future submission to a relevant journal. The paper is provided for reference in 
Appendix E.
Briefly, the scenario and sensitivity LCA of the estimated carbon dioxide emissions 
during the operational phase highlighted the relevance of specific assumptions and 
calculations made in the design phase. Two salient parameters were chosen to conduct 
the sensitivity analysis. Firstly, the estimated heating and cooling energy demands in the 
building were reviewed using different benchmark figures and a bespoke thermal model 
that had been completed for the building. Secondly, a range of carbon dioxide factors
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for electricity were used to demonstrate the range of projected carbon emission 
reduction that can be calculated using different sources. In particular static factors were 
used versus dynamic factors that accounted for projected changes in the electricity 
generation mix up to 2030.
Currently a simple embodied carbon model is being constructed using the Inventory of 
Carbon and Energy (ICE) publication issued by Bath University. This gives typical data 
for the majority of different materials used in the manufacture and installation of the 
BGES. This simple model will serve to illustrate the relative importance of study in this 
phase of the life cycle.
The initial intention was to use GABI 4.0 to construct a simple heat pump model to 
review the carbon dioxide emissions through out the lifecycle of the BGES installation. 
Current thoughts that this method will be dropped in favour of using bespoke models 
created in MS Excel. This will enable the scenario based sensitivity analysis started as a 
result of the PSIE course to be more easily and thoroughly completed. Furthermore, 
initial indications suggest that the embodied carbon contained within these systems is 
insignificant compared to that generated as a result of the operational phase.
Further to the above preference to move away from using commercial LCA software, 
there is a lack of available data in the Ecoinvent database relating to BGES installations.
4.4 Spatial Review
The spatial review continues to being aided by a MEng Civil Engineering student who 
is reviewing the applicability of closed loop systems by considering the different 
geomaterials throughout the country. The students work has been delayed through 
illness and other course commitments but will be completed by April 2008.
Further to this work the Research Engineer has started to utilise ARCGIS to enable 
more detailed spatial analysis. There are now perceived to be two main outcomes for 
this element of work. Firstly is a tool that can be used by engineers within Buro 
Happold to initially analyse the geology and hydrogeology at a site and to further 
review example applications of the technology. This process is outlined in Figure 4. 
Secondly, is a more broad review of the geology and hydrogeology. ARCGIS allows the 
user to quantify the surface area of different data sets, therefore providing the basis to 
analyse the respective total areas suitable for different configurations of BGESs. It is 
thought that this output will be supplemented using qualitative cross referencing of the 
surface area information with population densities and also, areas that have been 
identified by the government for major future expansion.
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5 Conferences/ Journals
5.1 ECOS Conference and Paper
The research engineer submitted a paper to the ECOS conference in January 2007. 
following peer review the paper was accepted into the proceeding of the conference and 
was presented on the 26th of June 2007. As previously stated the paper is shown in its 
entirety in Appendix A. Briefly the paper considered the economic and environmental 
optimisation of a ground source system at Stockport Academy, i.e. one of the design 
and procurement case studies identified in 4.2. The context for the technology 
consideration was first outlined and the paper was concluded by a discussion relating to 
the economic and environmental UK rationale for considering a bivalent approach that 
improved the economic feasibility whilst still providing greater than >70% of the total 
operational economic and carbon dioxide savings. Reference was made to Lovins’ work 
regarding the “more bang per buck” theory. Future work points towards comparisons 
with other approaches and technologies at each stage of the design process to review the 
respective marginal benefits.
5.2 Future Journal Papers
LCA Journal Paper
The intention is to extend the initial LCA paper submitted for the PSIE course to 
include embodied carbon and to develop the sensitivity analysis to include some work 
with bivalent systems. This will consider the effects of sizing the BGES to cover the 
entire capacity (kW), including infrequent peak loads has on the lifecycle carbon 
profile.
It has yet to be finally decided on the journal to which the paper will be submitted to, 
although the following journals are being considered;
1. International Journal o f LCA
2. Building Journal (title tbc)
3. Energy Policy
It was agreed at a recent supervisors meeting (17/09/07) that (1) and (2) should be 
considered more immediately with (3) to possibly follow towards the end of the 
research to cover wider contextual issues.
Geotechnique
A recent symposium has recently been advertised by Geotechnique:
“Thermal Characteristics o f the Ground”
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This will be preceeded by a special edition of the journal including selected papers, 
which will also be published in the monthly journal in February and March 2009.
The flyer for this is shown in Appendix F.
The intention for this event is to construct a validation paper with IF Technology on the 
Aquifer Thermal Energy Storage system that is being monitored in Dordrecht. The 
research engineer is to complete an abstract for internal review by early October. 
Following any corrections the proposal will be outlined to IFTech for there 
consideration. The paper will be by wrote by the research engineer but with input 
regarding the modelling side from IF Technology. If the contributing company are 
unwilling to collaborate the research engineer will focus the paper towards the 
operational findings of the last 12 months of monitoring with some simple design work.
There is still an intention to complete a paper for Ground Engineering or the Quarterly 
Journal o f Engineering Geology and Hydrogeology regarding the spatial review work. 
This will follow the completion of the closed loop study by Daniel Chasen and link into 
the Hydrogeology and GIS tool being constructed by the research engineer.
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Appendix A -  ECOS Conference Paper
Not included
Appendix B -  Viva Presentation Slides
Not included
Appendix C -  Viva Addendum
Not included
Appendix D -  Case Study Update
Not included
Appendix E -  PSIE LCA Paper
Not included
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Not included
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36 Month Report -  April 2008 James Dickinson
1 Introduction
This report summarises the progress made up to 36 months. The report is split into the 
following sections:
Section 2: Module Review
The module review briefly covers the modules completed since the last 6 month report. 
These include:
e Communication Management
© Environmental Economics
Section 3: Objectives Update
An update is provided of the progress made to the objectives laid out in the previous 6 
month report. The next set of objectives is also presented.
Section 3: Research Update
This chapter provides an overview of the research completed. This includes a review of 
© CO2 Factors 
© Carbon Inventory Work 
© ARCGIS Geology Assessment 
© RIBA alignment of work/ Desktop Study 
© Contents draft for final thesis 
Section 4; Conferences/ Journals
This chapter reviews previous conferences and papers part-completed or submitted.
An updated Gantt Chart is shown in Appendix A.
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2 Objectives Overview
2.1 Previous Objectives
The following objectives were proposed from the 36 months:
1. Complete and submit a journal paper to a peer reviewed publication.
2. Complete Carbon inventory for a BGES using scenario analysis for 
operational phase, including sensitivity analysis on building heating and 
cooling estimations and also, carbon factors for electricity over the 
lifetime of the system.
3. Complete basic GIS tool to review geology and hydrogeology at a 
particular location. Begin work on look up tables to enable pre-feasibility 
review of BGES performance.
4. Start monitoring at final BGES installation
5. Complete framework for analysis of monitoring sites including 
engineering, economic and environmental aspects.
A previous paper submitted for ECOS 2007 was recommended by the conference 
organising committee for referral to Energy, The International Journal. Following re­
formatting and alignment with the respective requirements of this journal the paper was 
submitted on 16/01/08. A copy of the paper is shown in Appendix B.
A carbon inventory sensitivity analysis has been completed and is due for submittal to 
Energy and Buildings following final review by the authors supervisors. This builds on 
an initial assignment submitted and accepted for the Marie Curie LCA courses attended 
in Bratislava and Prague in 2007. This is shown in Appendix C.
A further paper has been submitted for both the HP2008 conference, Zurich in May 
2008 and the EngD conference in June. This reviews the affects of differing carbon 
intensity factors and utility prices on the carbon reduction and economic validity in the 
future in the UK. This paper is shown in Appendix D.
Afurther abstract has been completed and accepted for Geotechnique. The deadline for 
the submission of this paper is May 2008. The abstract is shown in 5.4.
Progress on the GIS tool has stalled as the author is waiting for licensed data from the 
British Geological Survey (BGS). This is anticipated in early April. Monitoring has 
started on all sites, the final site being Chulmleigh Community College in Devon. The 
framework for analysing the monitoring of sites in near completion following the 
completion of initial flow meter measurements during February.
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2.2 Ongoing Objectives
The following ongoing objectives have been indentified for the following 6months:
© Submit scenario analysis paper for Energy and Buildings 
© Complete all data analysis from monitoring sites
© Complete GIS work
© Complete and submit Geotechnique Paper
© Complete first draft of literature review and research description
overview
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3 Module Review
3.1 Communication Management
Dates: 12-15/11/07
Grade: 65%
This was a short course to learn a range of skills that could be used when facing the 
media. Experience was gained in writing press releases for different media outlets, 
interpreting other media sources and being able to maintain a stand point and objective 
when being interviewed under pressure.
3.2 Environmental Economics
Dates: 10-13/12/07
Grade: 70%
The course outlined different cost benefit techniques that could be used to quantify 
certain aspects of projects. In addition, examples were used to review the qualitative 
judgements that are needed for projects with either subjective or uncertain impacts. An 
assignment was completed that reviewed the different costs and benefits that should be 
taken into account with the potential future exploitation of the Artie National Wildllife 
Reserve (ANWR).
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4 Research Update
4.1 CO2 Factors Calculations
During the last 6 months Electricity carbon dioxide intensity calculations have been 
completed for the current system average and also future estimations using a mixture of 
government data and consequent extrapolations.
Current System Average Carbon Dioxide Calculations
First of all the calculation used to justify the figure reported by DEFRA was analysed. 
This is defined as:
“Based on 46.97 MtC for major power producers from NAEI for 2005 (excludes 
overseas territories and crown dependencies to be consistent with DUKES), divided by 
‘Major power producers’ (supplied - gross) plus 'Other generators' thermal and non- 
thermal renewables supplied from Table 5.6 and total losses of 7.5% from paragraph 
5.49 DUKES 2006” [1]
Conversion to CO2 :
r
46.97x
v
—  1 = 172.22MtCOP 
12 ' 2
Sources: 46.97MtC from NAEI for 2005, excludes overseas territories and crown 
dependencies to be consistent with DUKES
This is broken down as follows:
Major Power producers:
Supplied (gross) = 345,947 GWh
Other Generators (Thermal and Non Thermal Renewables)
Thermal Renewables = 6,400 GWh
Non-Thermal = 929 GWh
Total = 353, 276 GWh
Minus Transmission Losses at 7.5%
Total (net) -  326. 780 GWh
46 97 109Carbon Dioxide System Average Factor: — :—:— r  = 0.527kgCO2 /kW h
326,780.106
Sources: DUKES 2007, Updated 2005 figures
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The author has noted concerns with the calculation appears to not include other non- 
thermal sources which include wind, wave and tidal. From DUKES table 5.1 this is 
identified as wind. Other non-thermal equates to 2,912 GWh. Also there appears to be 
partial double counting of pumped storage electricity. Supplied Gross includes 
electricity from pumped storage but also electricity used for pumping. Supplied net 
figure accounts for the former, hence supplied net from major power producers equals 
342, 241 GWh.
No Imports have been included. From DUKES Table 5.1.2 Imports for 2005 were 8,320 
GWh. It could be assumed that this is from French nuclear, therefore at zero carbon 
operating as is the industry assumption. It is accepted that nuclear is not entirely carbon 
neutral in operation due to extraction and processing of uranium and general energy use 
at plants. Also, as imports are likely to be at peak times, is the imported electricity likely 
to be from French nuclear or modulating French fossil fuel plants. This is therefore 
considered a reasonable omission.
To account for some of the concerns noted above a new carbon factor is suggested, this 
is calculated as follows:
Major Power producers (supplied: gross):
Supplied (net) = 342,241 GWh
Other Generators (Thermal and Non Thermal Renewables)
Thermal = 6,400 GWh
Non-Thermal
Hydro Natural Flow =929 GWh 
Other, i.e. Wind = 2,912
OG Total = 10,241 GWh
Total = 352,482 GWh
Minus Transmission Losses at 7.5%
Total = 326,045 GWh
46 97 109Carbon Dioxide Factor: — :— :— r  = 0.528kgCO2 / kWh
326,045.106
Sources: DUKES 2007, Updated 2005 figures 
Dynamic System Average Carbon Dioxide Factors
To enable more considered projected savings for BGESs further calculations have been 
completed. Figure 1 shows carbon factors using DUKES [5] and Updated energy 
projections [6].
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Two main scenarios are considered in [6] firstly (i) Varying carbon saving policy versus 
central fossil fuel price scenario and secondly (ii) Varying fossil fuel prices with a 
central carbon saving policy.
Using updated DUKES data for carbon 
emissions and generation from power stations
0.552
0.55
0.528
0.493
0.468
0.458 0.456 0.455
0.4750.45o
JZ
XL
0.4230.4CMO
o05js: 0.35 0.370
0.324 
—  -----
Extrapolated 
from 2015-
0.274From
DUKES and
0.25
2005 2010 2015 2025 20302000 2020
Years
—*— Fixed Price/ LowC Saving Fixed Price/ MedC Savings  Fixed Price/ HighC Savings
Fixed Mid C Policy/ Low Price Fixed Mid C Policy/ Medium Price Fixed Mid C Policy/ High Price
Figure 1 System Average Carbon Dioxide Factors for Electricity to 2030
This data has been adjusted to calculate the ongoing averages for the short to medium 
term, see Table 1. Interestingly the building regulation figure o f 0.422 is realised in 
certain scenarios in time periods 2005-2025 and onwards.
Table 1 Ongoing System Averages for Different Time Periods
Averages (does not include 2006 figures)
2005-2010 Low C savings Central C savings High C savings
0.506 0.504 0.501
low price medium price - high price
0.503 0.504 0.510
2005-2015 Low C savings Central C savings High C savings
0.482 0.479 0.475
low price medium price - high price
0.482 0.479 0.496
2005-2020 Low C savings Central C savings High C savings
0.463 0.457 0.449
low price medium price - high price
0.460 0.457 0.487
2005-2025 Lowr C savings Central C savings High C savings
0.432 0.419 0.399
low price medium price - high price
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0.421 0.419 0.476
2005-2030 Low C savings Central C savings High C savings
0.399
low price medium price - high price
0.419 0.476
NB. shaded cells = 0.422kg C02/kWhe (+/-0.01kg C02/kWhe)
A paper has been completed showing the sensitivity o f the carbon reduction 
effectiveness o f a BGES to these factors and is due for submission following final 
review. This is shown in Appendix C.
4.2 Carbon Inventory
Before conducting a more intensive carbon inventory of a BGES a brief study was 
completed.
This section provides a brief overview of the work completed for Stockport Academy.
Firstly, Table 2 and Table 3 summarise the cradle to grate calculations for the 
construction phase and also for 1 year of operation for both a GSHP and conventional 
system. Notable omissions from the calculations are noted in Table 2.
The additional embodied carbon dioxide for the GSHP is calculated to be 10,084kgs. 
Whilst the difference in carbon dioxide emissions in the first year is 69,288kgs. This 
highlights the insignificance of the additional embodied energy of the GSHP versus the 
operational phase. This is further highlighted in the carbon dioxide flow graphs, see 
Figure 2 and Figure 3, which use two different electricity carbon dioxide intensities.
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Figure 2 shows the CO2 flows during the first 12 month period o f a GSHP versus a 
conventional system, comprising a Gas Boiler for space heating and conventional water 
cooled chiller for space cooling. What is significant from this graph is the low carbon 
dioxide payback versus the conventional system even though the initial cradle to grate 
energy is greater for the GSHP. The CO2 flows throughout the year are inevitably linked 
to the respective heating and cooling demands in the building. What is also notable from 
the graph is the difference in CO2 reduction possible during the heating season versus 
the summer.
GSHP
Conventional
160000
— 14000003
<0 120000 £
■5 100000
w 80000
0
1  60000 O
°  40000£O
-£ 20000 ro O 0
0 1 2 3 4 5 6 7 8 9 10 11 12
Months
Figure 2 12 M onth Emissions Using Building Regulations CO 2 Factor -
0.422kg/kWhe
Figure 3 shows the effect of changing the emission factor for electricity. This reduces 
the cumulative savings over the year as the gas coefficient remains constant. The 
decrease in saving potential versus gas heating is partially offset by reduced emissions 
during cooling operation due to higher GSHP COP versus conventional chilling plant.
180000
GSHP
Conventional
_  160000 o
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Figure 3 12 M onth Emissions Using Data from DUKES for 2008 -  0.525kg 
C 02/kW he
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4.3 ARGIS Assessment
Bedrock and Superficial Deposit Maps have been sourced from the British Geological 
Survey and have been inserted into ARCGIS. Figure 4 and Figure 5 show the pictorial 
representation o f both for the UK. It is clear the coverage is near complete for both the 
bedrock and superficial deposits with only parts o f Northern Ireland being omitted. This 
amounts to 2 .313km" or less than 1% of the total land area.
Figure 4 ARCGIS M ap of UK Bedrock
Page 12
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Figure 5 ARCGIS Map of UK Superficial Deposits
Closer inspection, see Figure 6 and Figure 7 shows the clearer definition that is possible 
by zooming into different regions. This enables the bedrock to be pinpointed at different 
locations by either using a national grid reference or, with the latest version o f ARGIS, 
the postcode, if  available.
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Figure 6 Bedrock Sample (G reater London)
Figure 7 Superficial Deposits Sample (G reater London)
Interpretation o f the data has begun. All the bedrock types are being classified according 
to type to enable respective association with thermal properties gained from two 
different databases , an extract o f the completed Thermal Properties Database is shown 
in Table 4; there are 99 in total.
Table 4 Extract of Therm al Properties Database
Thermal Con Density Specific Heat Vol heat
W/mK kg/m3 kJ/kg.K kJ/m3
Amphibolite 2.9 Not Available Not Available 2600
Andesite 2.2 Not Available Not Available 2400
Anhydrite 4.1 Not Available Not Available 2000
Aplite 3.1 Not Available Not Available 2400
Argillaceous Schists 2.1 2.7 2350
Arkose 2.9 Not Available Not Available 2000
Average Rock 0.809 2803.2 0.836 2343
Basalt 1.7 Not Available Not Available 2400
Basalt 1.7 2.9 2450
6 VDI, German Institute o f Engineers, and GLHEPro Software Databases
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Bentonite 0.6 na 3900
Black cotton soil 1.098 Not Available Not Available 3058
Breccia 2.8 Not Available Not Available 2100
Clay, dry 0.4 Not Available Not Available 1600
Clay, moist - wet 1.6 Not Available Not Available 2400
Clay/ silt, dry 0.5 na 1550
Clay/ silt, water saturated 1.7 na 2500
Claystone 2.2 Not Available Not Available 2300
Claystone/ siltstone 2.2 2.55 2250
Coal 0.3 Not Available Not Available 1800
Concrete 1.6 Not Available Not Available 1800
Concrete 1.6 2 1800
Conglomerate 2.8 Not Available Not Available 2100
Dense Rock 1.155 3203.6 0.836 2678
Diorite 2.6 Not Available Not Available 2900
Diorite 2.6 2.95 2900
Dolomite 3.2 Not Available Not Available 2500
Dunite 4.2 Not Available Not Available 2900
Eclogite 2.9 Not Available Not Available 3100
Gabbro 1.9 Not Available Not Available 2600
Gabbro 1.9 2.95 2600
Gniess 2.9 Not Available Not Available 2100
Gniess 2.9 2.55 2100
Granite 3.4 Not Available Not Available 2400
Granite 3.4 2.7 2550
There are 135 different bedrock types and 8 superficial deposits. The initial focus has 
been on the bedrock with each bedrock type being categorised according a smaller set of 
geological descriptions to correlate with the master database. Currently 71 of the 
bedrock types have been classified according to the data base shown in Table 4.
The resulting information will provide a spatial review of thermal properties throughout 
the UK. Hydrogeology maps are also currently being procured and will enable a similar 
spatial analysis using aquifer productivity instead.
Further to this work a UK population density map will be use to associate certain areas 
with certain technologies. This will be used qualitatively to indicate certain areas that 
are more likely to benefit from higher thermal properties and suitable hydrogeological 
properties. The population density map is shown with Greater London highlighted in the 
inset.
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Figure 8 UK and Greater London Population Density 
4.4  Alignment of GSHP design to Building Procurement
Following the completion o f a number o f a design phase projects it has been possible to 
align all the differing design elements to the Royal institute o f British Architects 
(RIBA) programme o f work. This is shown in Figure 9. Further to this is the completion 
o f a draft breakdown of the recommended chapters in a ground source desktop study, 
this is shown in Figure 10. During the next 6 months each element will be further 
defined and reviewed for the final thesis.
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R IB A  S t a g e  B /C  G r o u n d  E n e r g y  D e s k to p  S tu d y
D e s ig n  W o r k s h o p s  
B a s i c  E n e r g y /  C o s t in g  C a lc u la t io n s  
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Figure 9 Alignment of GSHP Design to RIBA Program m e of W ork
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Geological Conditions
Building Services
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Conclusions/
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Architectural Plans 
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Climatic Data 
Design Specification
What are the options?
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be done, if any?
Figure 10 Desktop Study Detail
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4.5 Draft Contents for final thesis
In readiness for the completion of the final thesis the following chapter and sub chapter 
headings have been identified and provisionally agreed by all the supervisors.
Abstract
Executive Summary
1. Introduction
2. Literature Review
3. Methodology and Process Map
4. Case Studies -  Design and Procurement
Methodology -  Template 
Projects
5. Case Studies -  Operational
Methodology
Projects
6. Generic Engineering, Environmental and Economic Aspects
UK Geology and Hydrogeology Spatial Review Vs Population Density 
Carbon Factors
Demonstrative Carbon Inventory
Energy Pricing and Life Cycle Costing Methodology
7. Assessment Methodology
Proposed Design Methodology linked in with RIBA Stage and GIS
8. Conclusions
Contribution to Knowledge 
Critique and Further Work
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5 Journal and Conference Papers
5.1 Energy, The International Journal
The paper submitted for ECOS 2007 was recommended for inclusion in Energy, the 
International Journal. Following a few minor changes and alignment with the editorial 
requiements for the journal the paper was submitted in December 2007.
The title and abstract is shown below.
THE ECONOMIC AND ENVIRONMENTAL OPTIMISATION OF INTEGRATING 
GROUND SOURCE ENERGY SYSTEMS INTO BUILDINGS
Abstract
There are currently two main drivers fo r  the consideration o f  ground source energy 
systems in the built environment in the UK. Firstly, to reduce the operational costs o f  
the provision o f  space heating and cooling and secondly, to reduce the carbon dioxide 
emissions from  the building operation. Building occupiers and owners are becoming 
increasingly concerned at rising energy prices and are seeking alternatives to 
conventional systems to reduce the running costs o f  buildings. Building designers, due 
to European and national legislation, are also required to reduce the operational CO2 
emissions from new and existing buildings.
The capital costs fo r  closed loop ground source heat pump systems are often found to be 
unattractive versus conventional approaches and other low carbon alternatives. 
Bivalent (dual fuel) heating and cooling systems offer a way to reduce the installation 
costs but also still provide considerable economic and environmental savings. This 
paper will consider the maximising o f  the operational benefits whilst minimising the 
capital installation costs o f  closed loop ground source heating and cooling systems.
A study example is presented fo r  a newly proposed Academy (school) in the UK. The 
results o f  the study show a >40% reduction in the capital cost versus a peak sized 
GSHP system whilst still providing > 70% o f  the respective economic savings and CO2 
reduction.
The complete paper is shown in Appendix B. Return Comment has not been received at 
the current time.
5.2 Heat Pump Conference, Zurich -  19-23rd May 2008
The following paper has been accepted and a poster will be presented during the 
conference.
ANALYSING THE ECONOMIC AND CARBON DIOXIDE REDUCTION 
VIABILITY OF GSHPS IN THE UK INTO THE FUTURE
Page 19
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Abstract
This paper seeks to consider the application o f  GSHPs in the UK context by considering 
the future electricity generation mix and changing energy prices. This is against a 
backdrop o f  increased national legislative pressure to implement low carbon 
technologies from recent building regulations triggered by the European Performance 
in Buildings Directive. From an economic standpoint increasing gas prices versus 
electricity have made this technology more competitive against the historically 
dominant techniques o f  space heating and cooling in the UK.
A number o f  scenarios are used to present both the economic and environmental 
variation throughout the assumed lifetime o f  the GSHP. In economic terms, electricity 
and gas prices are projected by considering recent trends whilst the carbon dioxide 
intensity is reviewed using current government guidelines and projections.
The case study is used to demonstrate the effect o f  dynamic carbon dioxide factors and 
compares the results against static carbon dioxide factors commonly used by building 
services engineers. Consideration is further given to changing energy prices to 
highlight the effect on the economic payback which is frequently a constraint to the 
application o f  GSHPs in the UK.
In conclusion, it can be argued that although the application o f  GSHPs in the UK 
remains promising a more accurate dynamic model would be useful to consider the 
range o f  future carbon dioxide and operational savings. This would also aid 
comparison against other low or zero carbon dioxide approaches. Furthermore, post 
occupancy evaluation o f  buildings and GSHPs in the UK is needed to understand the 
sensitivity o f  design decisions on the actual performance.
The full paper is shown in Appendix D. This paper will also be presented at the EngD 
conference in June 2008.
5.3 Energy and Buildings
A draft paper has been completed for Energy and Buildings and is currently awaiting 
final internal review before being submitted during April. The title and abstract are 
shown below.
SCENARIO BASED LIFE CYCLE CARBON INVENTORY FOR A CLOSED LOOP
GROUND SOURCE HEAT PUMP
Abstract
This paper uses a scenario based carbon inventory analysis to illustrate the range in 
potential o f  a Ground Source Heat Pump (GSHP) in a new school in the UK to reduce 
CO2 emissions. The two variables considered in this analysis are (i) the assumed space 
heating and cooling loads over the lifetime o f  the installation and (ii) the CO2 electricity 
factors used to calculate the emissions from  powering the heat pump. The embodied and
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disposal phase CO2 emissions o f  the installation are not estimated due to the 
assumption in this study that the emissions during the operational phase fa r  out weigh 
that emitted during other phases.
Both the analysed variables are particularly important in the context o f  the UK due to 
the emergence o f  new national legislation in 2006 and the growing trend fo r  local 
authorities to stipulate in local planning conditions that new buildings should generate 
a percentage o f  their requirements from  low or zero carbon technologies.
The paper concludes that scenario based analysis is particularly important due to the 
future uncertainty in energy generation and the variability o f  tools that are used to 
estimate heating/ cooling demand.
The completed paper is shown in Appendix C.
5.4 Geotechnique
Following the submission of an abstract in December 2007, the author has been asked to 
submit a paper for a special addition of Geotechnique, considering the Thermal 
Characteristics of the Ground. A final visit was made in March to the case study project 
in Holland to complete data collection and to meet with the co-author at IF Technology. 
The deadline for the final paper is May 1st 2008.
The title and accepted abstract are shown below:
AQUIFER THERMAL ENERGY STORAGE: THEORETICAL AND 
OPERATIONAL ANALYSIS
Abstract
Aquifer thermal energy storage (ATES) systems provide a method o f  improving the 
performance o f  more commonly installed mono-direction open loop ground source 
heating and cooling systems. Rather than simply using the prevailing temperature o f  the 
abstracted ground water these systems are bi-directional therefore allowing fo r  the 
inter-seasonal storage o f  low and higher temperature energy.
This paper seeks to provide a theoretical and empirical review the performance o f  a 
typical ATES system installed in the Netherlands. This research was carried out within 
a partnership between engineering consultancies in the UK and the Netherlands and a 
UK University. The system under question is installed in a medium sized office where 
there is a balanced heating and cooling load. The geology and hydrogeological 
conditions under the building can be briefly described as an inter-granular aquifer with 
made ground o f  2-3m.
A design simulation from the software package, HST3D, is compared against 
operational data collated over a 12 month period. These data were collected following  
3 years o f  operation o f  the system. Further to this a comparison is made with a standard 
mono-directional open loop and also closed loop ground energy systems.
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Key engineering issues are the abstraction rates and thermal capacity o f  the aquifer, 
the hydraulic gradient and the respective heating and cooling loads throughout each 12 
month cycle.
The main conclusion from  the case study is that there is reasonable agreement between 
the HST3D simulation and operation findings. Furthermore, in can be implied that 
active ground thermal storage strategies can offer improvements on the performance o f  
more conventional ground source energy systems.
The co-author list is shown in Appendix E.
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1. Introduction
This report summarises the progress made up to 42 months. The report is split into the 
following sections:
Section 2: Objectives Overview
This section provides an update of previous objectives stated in the 36 month report and 
ongoing objectives leading up to the completion of the Engineering Doctorate.
Section 3: Thesis Chapter Summary
This section provides a chapter summary outlining the proposed final thesis structure 
and contents.
Section 4; Research Update
This section provides examples of completed and ongoing research activities:
1. UK spatial review of geology and hydrogeology
2. Finalising of environmental template for design projects
3. Finalising of economic template for each design project
4. Progression of work regarding climate change modelling and effects on building 
heating and cooling demands through the lifetime of the ground energy system
5. Design case study work, including example results
6. Operational case study work, including example results.
Section 5: Conferences/ Journals
This chapter reviews conference and journal papers part-completed or submitted.
Only one module was completed during the last 6 months. This was a five day course in 
Integrated Assessment from the 31/03 to 04/04/08. A grade of 72% was obtained on 
completion of a group assignment and individual report.
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2. Objectives Overview
2.1. Previous Objectives
The following objectives were identified in the previous 6 month report:
® Submit scenario analysis paper for Energy and Buildings.
This was submitted in May 2008. Unfortunately the paper was turned down; the editor 
stated that they did not feel the paper included. significant contributions in this field. 
Rather than spending further time to elaborate on other research work a decision has 
been made to remodel the paper for submission to Energy Policy. The changes have not 
yet been completed but will include a more discursive narrative and the addition of 
other design case studies that the author is going to present in the final thesis. There is a 
possibility to include some of the climate change impacts depending on the exact 
structure of the paper.
® Complete all data analysis from monitoring sites.
All data has now been collated from each monitoring site. The author has decided to re­
measure flow rates at one site where there are particular concerns the measurements 
initially recorded maybe inaccurate. This is to be completed week commencing 
29/09/08.
A template has been created to allow data from each site to be processed efficiently. 
This process has been started and example results are shown in section 4 of this report
• Complete GIS work.
The outputs from GIS have been collated and analysis is near completion. Example 
results are shown in Section 4 o f this report
• Complete and submit Geotechnique Paper.
The paper was completed and submitted on the 10th June 2008. Other than initial 
acceptance by the journal’s editor no further correspondence has been received. The 
completed paper is attached in Appendix A.
• Complete first draft o f literature review and research description 
overview.
A thesis overview is provided in Section 3.
2.2. Ongoing Objectives
The following objectives have been identified for the next 6 months:
® Submit Revised Energy, Int Journal Paper -  the final version is attached in 
Appendix B.
© Complete final module in Finance Management.
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© Complete revised paper on carbon emissions scenarios to Energy Policy.
© Complete outline draft thesis by end of December 2008.
© Complete Final Draft by 1st February 2009 
An updated Gantt Chart is also shown in Appendix C.
Key concerns at the current time include completion of climate change modelling. This 
has been delayed by the procurement of the required weather files from CIBSE. It was 
initially understood that Buro Happold owned the files in the correct format; this was 
not the case and discussion is ongoing to procure the correct files. This was due to be 
concluded WC 29/10/08. Following this, the correct weather files will inputed into IES 
and new heating and cooling profiles will be generated for scenarios for the decades 
2020-2030 and 2050-2060. This process will take approximately 2 weeks to complete.
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3. Thesis Chapter Summary
This chapter provides an overview o f each proposed chapter for the final thesis 
The contents o f each chapter are summarised below:
Abstract
Very brief overview (4-6 pages) o f research basis, results and conclusions.
Contents/ List of Figures/ List of Tables and Glossary 
Executive Summary
Five to six page overview o f thesis stating as a minimum:
• Engineering Doctorate overview including a list o f modules taken and other milestones
• Justification for literature review and consequent research.
• Methodology for research
• Results o f generic studies, and operational and design case studies
• Conclusions and contributions to knowledge
• Journal and conference papers completed and submitted
1 Introduction
This will be a context forming chapter for the thesis covering broad themes such as worldwide energy related issues 
whilst also funnelling down to energy use in non-domestic buildings the UK and the identification o f GSHPs as a
technology to reduce carbon dioxide emissions. Particular reference will be made for the need for an assessment
methodology for GSHPs that reflects UK specific factors.
Initially the main focus will be the need for carbon dioxide emission reduction with relation to global warming. Rising 
energy costs will also be discussed with reference to rising oil prices, and also the geo-political situation. Brief 
reference will be made to international agreements with a more in depth review o f European (EPBD) and national 
legislation (Part L, “Merton” Rule). Charts will be used to highlight proportional energy use by buildings. Reference 
will be made to the use o f GSHPs as one o f the lead technologies being quoted in government literature to reduce net 
carbon emissions in buildings. A technology s-curve will be referenced from the IEA which positions shallow 
geothermal heat as in between “early market” and “mass market”. The technology s-curve will be further broken down 
to establish the positioning o f certain ground energy technologies that are approaching mass market, i.e. closed and 
open loop GSHPs. The focus on these systems will be justified due to the context o f the research engineer’s industrial 
placement and the time constraints o f the research programme. This also leads the research to focus on assessment 
methodologies relevant to a consulting engineering practice. The unique case o f non-domestic buildings will also be 
stated due to the typical non-generic or “one-off” design that leads to uncertainties in end use and performance. GSHPs 
are a unique technology that can provide both space heating and cooling from the same system.
Reference will finally be made to slow uptake o f  GSHPs in the UK compared to other countries which leads to the 
introduction o f the primary research aim.
To investigate the future potential of GSHPs in non-domestic buildings in the UK.
The thesis structure will be presented with a diagram
2 Literature Review
The literature review will focus on commercial buildings and initially start by reviewing the breakdown o f energy use 
in buildings and dominant forms o f space heating and cooling in the market place.
Ground Source Heat Pump Technology Overview
Different technology approaches and main components o f GSHP systems.
GSHP efficiency definitions will be defined including COP, SPF and Carnot cycle. The main parameters will be 
referenced using EN ISO documents, VDI guidance and Manufacturer’s data. A  state-of-the-art review will be 
provided to showr marginal technologies and approaches that are being researched. Previous literature on the design 
methodology o f heat pumps will be referenced, including work by Sheratt et al. This will feed the argument for
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specific research on bivalent systems, especially in lieu o f the fact that installation costs remain high in the UK.
Geology and Hydrogeology:
The geology and hydrogeology of the UK will be outlined using maps from the British Geological Survey and the 
main parameters for the performance o f closed and open loop systems will be stated using Rawlings, Hellstrom, 
Kavanaugh, VDI guidance and Freeze and Cherry.
Carbon Reduction Potential:
One o f the main drivers for the take up o f ground energy technologies is the potential for the technology to reduce net 
carbon emissions versus other conventional technologies. Further reference will be made to Part L and Local Authority 
guidelines by detailing the exact requirements for new commercial buildings in terms o f carbon reduction and on-site 
renewable energy generation.
Capital and Operational Savings:
The capital cost o f installation will be outlined using Rawlings and Government reports and will be compared versus 
conventional technologies using Sponn’s Pricing Book. DUKES data will be used to show how energy costs have 
increased over the last few decades, in particularly the relative costs between electricity and gas. Equally DBERR data 
will be used to show carbon intensity o f electricity has reduced over the last few decades. This will be compared to 
other countries such as Sweden and Norway with “cleaner” electricity. Gas network in the UK will also be presented to 
highlight ease to connection to relatively clean energy supply compared to other countries
Climate Change:
To introduce the possible impact o f climate change, reports from the UKCIP and papers from Holmes, DTI, Tyndall 
Centre and Road will be referenced. These will point towards need to consider future energy demand in buildings and 
how this might influence the medium to long term performance o f ground energy systems.
Software techniques:
An overview o f the evaluation methods available for ground energy systems will be presented in addition to a brief 
review o f building energy analysis techniques for new buildings. Literature review will point to the fact that numerous 
software packages are available to simulate GSHPs.
Difference between estimated space heating and cooling building demand and actual:
Reference will be made to recent Post Occupancy Evaluation studies by Bordass and Pegg to indicate how estimations 
and actual energy use can be very different. Significant papers and reports by Crawley, Pegg, Bordass etc will be 
discussed. This will be linked to the main parameters outlined in the geology and hydrogeology section to highlight the 
importance o f energy profiles rather than just peak demand estimates that have historically been required in the past.
Difference between design assumptions, using manufacturer’s data and actual performance if GSHPS:
Reference will be made to manufacturer’s data and ISO standards for measuring heat pump performance and the lack 
o f operational data available. Also no commissioning standards are available.
Main points to summarise therefore:
Previous literature and studies have concentrated on the simulation o f GSHPs without detailed studies to look in to the 
effects of:
1. Decarbonisation o f grid electricity; and
2. Changing energy prices; and
3. The effects o f climate change; and
4. Difference between estimated space heating and cooling building demand and actual energy' use in 
completed buildings; and.
5. Difference between quoted performance o f GSHPs through manufacturer’s data sheets and actual 
performance.
Also, as the geology' and hydrogeology in the UK is very variable, there is a requirement to analyse spatial potential for 
closed and open loop systems.
3 Research Aims, Objectives and Methodology
This chapter will link together the proposed methodology' and the proceeding chapters and state the main aim and
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objectives o f the research.
The main research question will be presented and a research diagram will be used to describe the positioning o f project 
specific and external project factors that influence the design and operation of the system (see below).
Project specific factors being influenced by the site and the design team and external factors being outside the control 
o f the design team. Examples o f project specific factors include heating and cooling demands o f the building due to the 
building design and spatial limitations around the building. Example external factors include projected and actual 
decarbonisation of the grid and energy costs.
Each factor will be explained in turn and those to be studied in more detail will be identified. This then links into the 
main part of the methodology'.
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The different approaches used for each chapter will be discussed, as follows;
External Generic Studies
1. Geology and Hydrogeology; ARCGIS will be used to analyse area o f bedrock, superficial deposits and
hydrogeology in the UK. This is then cross referenced with data from VDI guidance and GLHEPro data base 
to analyse potential for closed and open loop systems across the UK
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2. Life Cycle Carbon Inventory7; Simple Embodied Carbon methodology will be presented. The intention is to 
show that in a very simple model the embodied carbon is very similar to conventional plant and the payback 
time for any additional embodied energy versus the operation o f conventional plant is very short. Carbon 
Dioxide Intensity o f Grid Electricity - this will be calculated using Government data and will be used to 
show how differing electricity carbon dioxide intensities will affect the carbon reduction into the future.
3. Life cycle cost investigation; this section will be used to investigate the cost effectiveness o f installing 
ground source energy systems using historical trends and sensitivity analysis o f different price escalators.
The Net Present Value Method will be presented along with the relevant formulae. Capital costs will be 
estimated using a mixture o f government reports and quotes gained from design case studies.
4. Climate change; scenarios by UKCIP02 project will be used to input into IES models for the design phase 
projects. Data from UKCIP08 cannot be used as it has not yet been released in a useable format for IES. The 
WeatherGen tool will be introduced as a method to consider changing heating and cooling loads at the design 
stage.
Project Case Studies:
1. Design Case Studies; each project will be introduced and the focus for analysis will be stated. The drivers for 
the consideration o f the technology will be outlined. The studies will use results from external project factor 
studies 2, 3 and 4 for sensitivity analysis. Sensitivity7 o f heating and cooling estimates will also be reviewed.
2. Operational Case Studies; each case study will be briefly reviewed including the building type, building size, 
age, occupancy profile and system installed. The methodology to calculate the performance will be validated 
by referencing EN ISO documents. The choice o f sites chosen as a compromise due to cost and ease o f data 
analysis. Sensors and data collection technology will be outlined.
Each o f the above sections will serve to highlight the respective importance or otherwise o f certain variables in 
designing and operating GSHPs in the UK.
A critique o f the methodology will be presented at the end o f the chapter.
This could include reference to the inability to study more buildings in different sectors, with different geological and 
hydrogeological settings etc.
4 External Project Factor Studies
Study 1; Results from GIS will include a quantitative spatial review o f closed and open loop with respect to the 
significant parameters outlined in the literature review
Study 2; Results will show projection o f a carbon intensity o f electricity up to 2030. The results for this will be used 
for one example design project.
Study 3; Results will provide projection o f electricity and gas prices up to 2030. The projections will be used in one 
example design case study.
Study 4; Results will show the impact on heating and cooling loads on one example design case study using UKCIP02 
and WeatherGen tool available from Southampton University.
Reference to:
• Eng D 2008 and HP2008 paper.
Possible other paper to complete in early 2009
5 Design Case Study Results
Case studies will be presented in more detail including a review o f the following;
• Architectural Plans to indicate space around site.
• Geology and Hydrogeology
•  Targets according to BR, LA and client aspirations
•  Technology approach due to above 
The following results will be presented:
1. Range o f heating and cooling demands using benchmarks, IES and POE data and impact on peak sized 
GSHP
2. Range o f Carbon Dioxide reduction considering different projections identified in previous chapter, using 
Test Reference Year and IES only
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3. Life cycle costing using different electricity and gas scenarios, using TRY only
4. Heating and Cooling loads for Building using Climate Change scenarios. Size o f peak sized GSHP for TRY 
and climate change scenarios.
5. Cost per kg o f Carbon dioxide saved in the first year plotted against increasing size o f GSHP.
6. Optimal system suggested by author 
Reference to
• Energy, International Journal Paper
• Energy Policy Paper
• Modem Building Services Article on Stockport Academy
6 Operational Case Study Results
Case Studies will be presented in more detail including a review o f the following:
• Photographs o f site and identification o f plant and space for ground side system.
• Any significant comments made by building owners on operation o f system.
•  Estimated energy demands using benchmarks and architectural plans.
• Overview o f GSHP installed including anticipated performance from manufacturers data
• Geology and Hydrogeology o f sites 
The following results will be presented:
• Seasonal Performance Factor for the 12 months
• Example Coefficient o f Performance at quarterly intervals for space heating and DHW generation.
•  Highest and Lowest COP and leading factors 
Reference to:
• Geotechnique Paper
• Possible other paper to complete in early 2009
7 Discussion
8 Conclusions
What do other people sav about the research topic?
Use Fixed Carbon Factors 
Use Fixed Energy Prices
Use Fixed Climatic Conditions i.e. heating and cooling demands throughout lifetime o f building 
Use building simulation models and benchmarks to size GSHPs
A lot o f GSHP simulation methodology work has been completed historically but very little independent post 
occupancy evaluation o f working GSHPs in the UK.
No spatial review o f geology and hydrogeology yet completed in the UK.
What do mv research results show?
Geology
Thermal conductivity not expected to vary much in the UK but there is a lack o f actual data from tests. Hydrogeology: 
severely limits application o f open loop systems
Spatial limits in certain applications prohibits closed loop (conventional) although open loop option is possible.
Design case studies
Carbon factors alter carbon reduction potential significantly. BR figure is not valid outside 20 year period.
Energy prices significantly affect the life cycle costing o f the design studies. Even moderate above inflation increases 
see the economic justification improving.
POE vs benchmarks vs IES review shows a range o f possible heating and cooling demands.
Climate change
As heating demands decrease and cooling demands increase the energy exchange with the ground and ground water
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alters significantly 
Operational Case Studies
Results show poor results versus manufacturer’s data
Main reasons: Poor design for actual occupancy, flow rates, supply temperatures.
Maintenance and commissioning seems to be lacking due to lack o f industry experience 
Therefore what do I sav?... contribution to knowledge 
Sensitivity analysis is important for GSHPs in particular
•  Carbon factors; as timescale for decarbonisation o f grid is not certain and passive measures and other 
technologies have different timespans
• Energy Prices; as perceived fluctuations favour the application o f GSHPs
• Building end use heating and cooling demands; differences between design case and POE data
« Climate Change; will change energy demands so design should be flexible enough to cope in long term
either through installation o f additional capacity or planning for additional plant in the future.
• Specifications should state minimum performance standards required otherwise the preconception the 
GSHPs offer a carbon saving versus conventional technology maybe disproved in certain cases.
• UK hydrogeology in particular limits the application o f open loop systems: Closed loop systems can be 
installed with reasonable performance anywhere although spatial limitations may then dominate. BGS should 
request that thermal conductivity data is logged on completion o f thermal response test at any site, this is 
similar to borehole logs and well logs already requested
• Operational performance should be monitored post commissioning, maintenance contracts should be 
discussed with specialist contractor prior to procurement to ensure system can be satisfactorily maintained. 
GSHP technology is not mainstream yet even thought the technology is not vastly different from 
conventional refrigeration technology.
9 Project Experience and other Responsibilities within the Sponsor Company
1. List o f all project worked on including design responsibilities
2. Ground Energy Geek Fest
3. Ground Energy Patterns
4. Ground Energy Intranet site
5. Ground Energy design and procurement guide (to include or not to include?)
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4. Research Update
This section provides examples o f research completed over the last six months.
4.1. Geology and Hydrogeology
The spatial analysis for bedrock and superficial deposits is near completion. Bedrock 
and superficial deposit data was obtained from the British Geological Survey (BGS) and 
imported into ARCGIS. Consequent spatial analysis allowed the export of data for 
further spreadsheet analysis. The first step of the process was to provide a simplified 
geological classification for each bedrock type as there were 135 different rock types 
used by the BGS. This was to enable direct cross referencing with a database o f thermal 
properties collated from different sources. This proved difficult to complete particularly 
for bedrock due to the quantity of different rock types identified by the BGS and also 
the classification then used. As is common in geology, bedrock is sometimes classified 
according to age and or the area it is common. Examples of these include “ Upper 
Devonian” (age classified) and “Ludlow” or “Wenlock” (area classified). Whilst it is 
possible to use literature to help in the classification the process has been found to be 
very time consuming. Added to these classification issues is the occurrence of BGS 
bedrock names that suggest a mix of different rock types. Examples o f these include 
“Permian basal breccias, sandstones and mudstones” and “Oldhaven, Blackheath, 
Woolwich, and Reading and Thanet beds”. Such areas make it extremely difficult to 
generalise.
Following the simplified classification thermal properties were assigned. This was 
completed using a combined database of typical values from an imbedded library within 
GLHEPro and VDI guidance. Particular focus has been limited to the thermal 
conductivity.
Figure 1 and Figure 2 show the classification completed so far for bedrock, whilst 
Figure 3 and Figure 4 for superficial deposits. As can be seen from Figure 1 and Figure 
2, it has not been possible so far to characterise >25% of the UK. It is hoped this 
statistic will be improved but ultimately this provides evidence that further research is 
needed to complete a more thorough analysis, e.g. in-situ testing to measure the thermal 
properties of certain bedrock not previously identified in the UK. Irrespective of the 
ability to establish the thermal conductivity o f certain bedrock or superficial deposits is 
the issue o f variability of bedrock type with depth at a certain location. Therefore, whilst 
there is the potential to use a grid reference or postcode search to pick up bedrock and 
hydrogeology in ARCGIS it seems this should at the very least be supplemented by the 
collection of further desktop data and in-situ data through site investigation where 
necessary.
Initially, it was easier to classify the thermal properties o f superficial deposits due to the 
lower quantity named by the BGS. However, over 57% is identified as Diamicton which 
is loosely defined as poorly sorted gravels, sands and silts; hence, there is some
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difficulty in assigning a typical thermal conductivity. In the superficial deposits analysis 
the ground has been assumed to be saturated thereby making the assumption that the 
water table is near the surface throughout the majority of the UK. Water table height is 
very site specific and can change throughout the year depending on respective 
precipitation cycles.
Due to the site specific nature of bedrock and superficial deposits, this analysis is 
limited to providing a spatial review of the different geomaterial types and respective 
properties found in the UK, and the consequent potential thereon for closed loop 
systems.
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Figure 1 UK Bedrock Therm al Conductivity as a Percentage of Total Area
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Figure 2 UK bedrock Therm al Conductivity by Area (km2)
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Figure 3 UK Superficial Deposits as a Percentage of Total Area
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2Figure 4 UK Superficial Deposits Therm al Conductivity by Area (km )
Data processing is still required for hydrogeology; this will be completed in a similar 
way to that used for bedrock and superficial deposits. The hydrogeology templates have 
been provided by the BGS for use with the research project. Unfortunately, it has only 
been possible to obtain information for England and Wales. The templates are to be 
imported into ARCGIS allowing for consequent export to excel for spatial analysis and 
characterisation.
4.2. Life Cycle Carbon Inventory
Since the last six month report a new version of the Inventory of Carbon and Energy 
(ICE) has been released by Bath University. This will be used to update the previous 
embodied energy template using any updated or newly available data allowing for a 
more detailed breakdown of a typical GSHP.
An operational carbon dioxide template has been completed to allow simple data 
processing of project data to provide projected carbon dioxide reduction versus 
conventional plant, including gas and oil heating plant and electric refrigeration with air 
heat rejection. Different projections have been calculated using a mixture of government 
data Journal papers and industry reference material.
The template also has the following features:
© Historic minimum Coefficient of Performance required for carbon savings 
versus gas heating plant (see Figure 5)
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Figure 5 Historical M inimum COP
® Future Minimum COP required according to projection of different grid 
decarbonisation projections (see Figure 6)
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Figure 6 Projected Future M inimum COP for Different Scenarios
4.3. Economic Analysis
An template has been completed to allow economic analysis of each design project. 
This is further to work completed for a revised journal paper for Energy, the 
International Journal.
The template has the following features:
• Historic minimum Coefficient of Performance required;
• Future Minimum COP required according to projection of historic 5, 10 and 20 
year trends;
• Ability to review up to 10 iterations of bivalent system versus conventional;
® Simple Payback Calculation;
• Net Present Value calculation for appraisal periods up to 20 years;
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• Ability to adjust discount rate to suit project;
© Ability to assess 4 differing price scenarios;
© Additional capital cost / kg CO2 saved versus conventional plant.
Analysis has been completed for two projects.
4.4. Climate Change
To enable the effects of climate change on the building space heating and cooling loads 
reference has been made to the following key documents:
© United Kingdom Climate Impact Programme (UKCIP) (Hulme 2002)
© Beating the Heat: Keeping UK Buildings Cool in a Warming Climate (Hacker
2005)
© The climate o f the United Kingdom and recent trends (Jenkins 2007)
Hulme et al (2002) published an overview of four future weather scenarios which depict 
the changing climate in the UK up to the 2080s based on low, medium-low, medium- 
high and high emissions projections. Hacker et al (2005) provided an overview of how 
the changing climate, and the scenarios put forward by Hulme may effect the built 
environment. As the title suggests there is a focus on rising temperatures and the impact 
on comfort levels in buildings and space cooling demands. The scenarios were used to 
construct “morphed” data files from test reference year (TRY) weather files commonly 
used in building simulation programmes. The morphed files were then used to analyse 
cooling demands for the 2020’s, 2050’s and 2080’s in four case study buildings. In 
particular, the case study buildings were used to demonstrate how rising temperatures 
can cause some passively cooled buildings to severely overheat in future decades. 
Interestingly, high thermal mass buildings. seemed to inhibit adequate night time 
purging in some of the later scenarios as diurnal decreases in temperature during 
summer nights were not great enough. Hence, thermal mass tended to restrict low 
energy cooling.
The UKCIP is now updating the scenarios based on continuing research and updated 
climate change modelling by the Tyndall Centre and Meteorological Office. The first 
report from this process has been published by Jenkins et al (2007) summarising the 
climate and recent trends in the UK. Figure 7 shows how the mean temperature has 
varied at different locations in the UK from 1914 to 2006, whilst Figure 8 shows the 
difference from 1961-2006. Significant increases in temperature have been proved at all 
locations throughout the UK.
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Figure 7 Changing mean tem peratures at different locations in the UK from 1914- 
2006 (Jenkins 2007)
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Figure 8 Increase in annual mean tem perature 1961 to 2006 (Jenkins 2007)
The updated scenarios will not be published in time to be included in this research
project. However, a tool constructed by Southampton University named WeatherGen
(Jentsch, Bahaj et al. 2008) enables the generation of weather files for the different
scenarios from the UKCIP02 report. This tool automates the morphing process for 
2 , , 
25km grid locations in the UK using TRY files published by CIBSE and morphing
files published by UKCIP in 2002. The generated files can then be used in the building
simulation package IES. This is the software package used by Buro Happold.
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The morphed weather data files are currently being used in the design case studies to 
analyse changing heating and cooling demands over the lifecycle of the ground source 
system, principally the following aspects are being analysed:
® Change in heating and cooling peak capacity loads (kWs and kWhs)
© Impact on sizing of heat pumps plant -  20 year period, i.e. 2020s scenario set
© Impact on sizing of ground source system -  50 year period, i.e. 2050s scenarios 
set
4.5. Design Case Studies
The design case studies are summarised as follows:
1. Royal Shakespeare Theatre, Stratford Upon Avon
2. Bums Museum, Ayr
3. Stockport Academy
4. Westminster College, London
Examples of work completed for these projected is shown in the remainder of this sub­
section.
4.5.1 Heating and Cooling Loads using benchmarks. IES and POE data
An example of this is shown in Figure 9. This shows the range of heating and cooling 
loads for Stockport Academy using for the following scenarios:
© Scenario 1 A: CIBSE Benchmark for Schools
© Scenario IB: DfES Benchmark -  25th percentile
© Scenario 1C: DfES B en ch m ark -10 percentile
© Scenario ID: ECG 73 Benchmark
© Scenario IE: IES Thermal Model
© Scenario IF: Post Occupancy Data
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Figure 9 Range in heating and cooling loads for different scenarios applied to 
Stockport Academy design case study
Using differing estimation techniques to calculate the heating and cooling loads 
inevitably impacts on carbon reduction estimation of a building. This is shown in Figure 
10. Significant differences are shown across the different scenarios.
450
C  Conventional 
£2 GSHP
EE Annual C 0 2  Emissions Savings
Figure 10 Carbon dioxide emissions for different scenarios applied to Stockport 
Academy Design Case Study
4.5.2 Range of Carbon Dioxide Reduction Considering Different Electricity 
Carbon Dioxide Factors
Carbon dioxide projections up to 2030 have been profiled as previously detailed in the 
36 month report, and (Dickinson 2008). These scenarios are summarised as follows:
• Sc 1 Building Regulations 2006
• Sc 2 Static 2005 System Average
• Sc 3 Dynamic Low CO2 Savings Projection -  System Average
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• Sc 4 Dynamic Medium CO2 Savings Projection -  System Average
• Sc 5 Dynamic High CO2 Savings Projection -  System Average
© Sc 6 Dynamic Medium CO2 Savings Projection to 2030 -  Peak Marginal
Average
Using the Bums Museum design case study as an example, Figure 11 shows the year on 
year carbon dioxide emissions. Again significant differences can be seen throughout a 
presumed 20 year GSHP lifecycle.
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— 0 Sc3: D y n  D T I L ow  S a v in g s
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A... Sc5: D y n  D T I H ig h  S a v in g s
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Figure 11 Year on Y ear Carbon Dioxide Savings GSHP versus Gas Fired Heating 
Plant fo Burns Museum Design Case Study
4.5.3 Life Cycle Costing
Figure 12 shows a breakdown of system cost for increasing GSHP bivalent sizing 
versus conventional plant for Stockport Academy. There is a linear cost associated with 
“GSHP other”, which includes heat pump plant and associated valves and pumps, and 
“conventional plant”. The cost associated with the GLHE varies according to length and 
hence the heating and cooling balance for each system. At approximately 300kW the 
heat rejection and abstraction from the ground is balanced on a yearly basis. As the 
system increases the heating demand in both maximum capacity (kWs) and energy 
(kWhs) increases versus the respective cooling demands. Hence, the GLHE increases in 
length to account for the higher heat abstraction vs heat rejection.
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Breakdown of Total System Cost for Different GSHP Capacities
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Figure 12 Breakdown of Total System Cost for Different GSHP Bivalent Systems
Figure 13 and Figure 14 provide example outputs from the economic template for the 
Stockport Academy design case study. The graphs show how over differing appraisal 
periods the relative NPV changes between different sized systems. Two respective 
scenarios are presented as follows:
• Scenario 1: 10%/ 5% year on year gas/ electricity price inflation
• Scenario 2: 15%/ 10% year on year gas/ electricity price inflation
This analysis is designed to highlight the impact of both sizing the GSHP to meet a 
different proportion of the load, in this case the peak heating load is 1700kW and 
cooling is 460kW, and the impact of different utility prices. The analysis methodology 
is detailed further in the revised paper for Energy, the International Journal. This is 
shown in Appendix B.
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Figure 13 Stockport Academy -  Scenario 2: Net Present Value for Conventional vs 
Increasing Bivalent GSHP Systems
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Figure 14 Stockport Academy - Scenario 2: Net Present Value for Conventional 
system vs. Increasing Bivalent GSHP Systems
4.5.4 Cost per kg of Carbon dioxide saved in the first year plotted against 
increasing size of GSHP.
Figure 15 shows the additional capital cost per kg of C02 saved in the 1st year. This is 
from the same analysis completed for Stockport Academy and Energy, the Int. J.
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Figure 15 Additional Installation Cost versus Conventional System per kg CO 2 
saved in the 1st Year
4.5.5 Optimal System
For the Energy, Int. J. paper both a 10 and 20 year appraisal period were used to analyse 
the optimal system in terms of NPV and the 2 different energy price scenarios.
Figure 16 shows the results for the 10 year appraisal period showing the lowest NPV for 
the conventional system for Scenario 1. However, using scenario 2, i.e. with higher gas
----------- Conventional
— 0 —  100 kW
 1------300 kW
— a—  1700 kW
200 400 600 800 1000 1200 1400 1600 1800
GSHP Capacity for Bivalent System (kW)
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prices inflation versus electricity than for scenario 1, the lowest NPV is the 300kW 
GSHP Bivalent System.
Figure 17 shows the results for the 20 year appraisal period. This longer appraisal 
period shows the increasing cost effectiveness of the GSHP system versus conventional 
plant. With Scenario 2 the lowest NPV over 20 years is now the 700kW system.
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Figure 16 Stockport Academy - 10 Year NPV for 2 Different Scenarios and rising 
GSHP Bivalent System Size versus Conventional Plant
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Figure 17 Stockport Academy - 20 Y ear NPV for 2 Different Scenarios and rising 
GSHP Bivalent System Size versus Conventional Plant
4.6. Operational Case Studies
A template has been completed that allows data to be processed. Figure 18 and Figure 
19 provide a snapshot of the data collected and consequent performance results obtained 
at Southport Ecocentre during the 25th of November 2007.
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The legend for Figure 18 is as follows:
GF T = Ground Flow Temperature, i.e. ground loop glycol temperature entering 
the heat pump
GR T = Ground Return Temperature, i.e. ground loop glycol temperature 
leaving the heat pump
BF T = Building Flow Temperature, i.e. building heating distribution 
temperature leaving the heat pump
BR T = Building Return Temperature, i.e. building heating distribution 
temperature entering the heat pump
HP C = Heat Pump Current, i.e. average of 3 phases o f heat pump compressor
This GSHP generates heat for space heating and domestic hot water (DHW) production. 
In space heating mode the flow temperature for the heating circuit is ~28°C. During a 
short period from 09:30 to 10:00 the system mode changes to DHW production 
whereon the flow temperature increases to over 50°C. The heat pump compressor phase 
current varies from ~5.7Amps in space heating mode up to ~7Amps in DHW mode. The 
GFT starts at ~0°C at the beginning of the day dropping to -1 by the end o f the day. All 
temperatures tend towards the ambient temperature in the plant room when the heat 
pump is not operating.
The legend for Figure 19 is as follows:
H COP = Space Heating Mode COP
DHW COP = Domestic Hot Water Mode COP
In space heating mode the COP is generally around 2.8 dropping more significantly in 
DHW mode to below 2. The spikes can be explained by short term fluctuations in flow 
and return temperatures when the system changes from space heating to DHW mode 
through the operation of a 3-port valve. The COP drops during space heating operation 
as the corresponding GFT drops during that period. Interestingly GFT increases slightly 
during DHW mode; this reason for this is not confirmed at this current time.
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Figure 18 24hr Snapshot of Data Collection from Southport Ecocentre (25th 
November 2007)
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Figure 19 24hr Snapshot of varying COP at Southport Ecocentre (25th November 
2007)
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5. Conference and Journal Papers
5.1. Conference Papers
5.1.1 9th IEA Heat Pump Conference. Zurich. Switzerland 19-23rd May 2008
Paper Title: Analysing the Economic and Carbon Dioxide Reduction Viability o f  
GSHPS in the UK into the Future
A  copy of the paper is shown in Appendix D.
The same paper was presented at the Eng.D Conference, Surrey University, Guildford, 
4-5th June 2008.
5.2. Journal Papers
5.2.1 Energy. The International Journal
A copy of the paper submitted on 29th September 2008 is shown in Appendix B. This is 
a revised version of a paper initially submitted for ECOS 2007 and consequently 
Energy, Int J. Major revisions were requested by the reviewers for the economic 
analysis including a Net Present Value appraisal rather than the simple payback 
methodology. The title remains as follows:
The Economic and Environmental Optimisation of Integrating Ground Source Energy Systems 
into Buildings
5.2.2 Geotechnique
A paper was submitted to Geotechnique in June 2008 with the following title:
Aquifer Thermal Energy Storage: Theoretical and Operational Analysis 
A copy of the paper is shown in Appendix A. The paper is currently being reviewed.
5.2.3 Energy Policy
The intention is to modify a paper initially submitted to Energy and Buildings as 
outlined in section 2.1 of this report.
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Appendix A -  Geotechnique Paper
Not included
Appendix B -  Revised Energy, The International Journal Paper
Not included
Appendix C -  Gantt Chart
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